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ABSTWsCr 

Tile  purpose  of  report  is  to  describe  ar*  ^cperlmerUisI  investigation 

uoawwMJKA-wtjai  ^lie  'beb.avlor  of  a.  few  at,ruct.»iral  irut;.«ib  luider  s.  raage  of  stfeus 
coQdi.t.isas  applied  in  tiaea  Uml  cor^eapona  to  tbe  responst-.;.  aalcd  alff.ht  be  ex¬ 
cited  la  ship  atnictunsB  by  underwater  explosion  or  air  blast  load.iQ£,  or  lo 
building  'fcru/itures  by  earthquake  shock  or  the  explooioa  of  a  large  sral>.'  vsapor. 
The  engln'icring  a;.pecLa  of  material  behavior  are  enphasiaed. 

The  testa  locluiU'd  uniaxial  3t.re8s  applied  Id  either  tsoaion  or  coapre.i- 
sloa,  and  fltxurai.  stress  produced  by  thlra-polnt  loallng  of  tAa.ll  beaus  of 
rectanguliLr  section.  Aie  rise  tiiiv;s  of  the  loadings  were  varied  from  a  few 
Killiaecoiida  to  sevtirsd.  minutes.  An  atteatp'!'  It-  mad;  to  correijste  the  results 
obtained  J.a  the  uniaxla^.  stress  tests  with  thouc  obtaiuoa  la  fle.ture. 

The  appilceblliry  of  the  rteults  of  this  Investigation  to  the  gsneritl 
probleu  of  detarminiae  the  behavior  of  struotures  under  trimsicnl  -‘l^ynauntc  loadii>ga 

producing  ext.enslvt.  in*!laetlc  deforujitlons  is  dlscuifed.WitM'ix. 
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Ttie  iivctitigatlon  d^acrlbed  i.i  this  report  wa  ijtrfoniied  by 


membi-ra  of  Ife*,  r-sity  el  Iliiaois  Ir  cocpcrs.l,los  with  the  Ofl'lee  of  naVt; 


Reaearch  under  Contract  lloar  ’i8>4(01) ,  Froject  KR-Ot>*- Thf  work  va«  con¬ 
ducted  in  the  Structural  Ht-bearch  Laboiator-/  of  th<-  D*  par’JL’jr  *  '.if  Clvti 
Viuiin-inrl'^g  under  th«  ger-nl'  dir  i"]''’;  f  f  I'-vf'  ■  ii--  N,  M.  N^wurK,  head  of  the 
De.^artBient. .  The  project  u>ui  ucdi  r  the  oupei-vleion  of  Dr.  ..  M.  Macf/ard,  KcBt-arch 
Aablatant  Frofesaar  of  Civil  tuigln-  r  leg.  Th«  ,.ri'.t'.r  port  of  t.i.e  tork  was  the 
direct  reapori.'-lhl  llty  of  R.  A.  CuJilr.s.  R*.e*.»rch  Aasl.<tar.t  In  Civil  hriglneerlng. 
The  inatruBeiitAtlon  abed  ttrciugh.''Ut  ‘hv  lave,  tigatleii  wau,  in  general,  the  respon- 
ilhUlty  of  V.  J.  McDonald,  (n  nearch  Associate  irufoobor  of  C.vlf  Engineering. 

'An  Initial  clevcici*ori*  of  ‘h*  toBlc  'erting  tpiaro'-..  nrd  ’he 
preiljaiu&ry  teotlng  wak  dot.*,  by  Dr  Mtt< .  ard  prl.  r  tw  ’If  bt  ginniu?,  of  Contract 
Honr-.t9iJt(01} .  For  eoBpi<.*Tn'..-K,  kok*.  the  iteuit-  of  other  prailaicary 
•  tudlec  which  predtti  ’he  contract  are  laclude-a  la  ’hla  rev-'h’.  TheFt  were 
liiveatlgatioi...  deucrlb».d  in  Hatter 'b  h^ta't-  euto-.ltti  l  to  the  Craauttf  College 
of  the  Utilvcrtlty  of  Illtr-ot  hy  1-.  E.  SEi’h  ard  W.  Sto."a.  This  early  work 
was  ■unported  Ir.  part  by  A;r  d'.  oh*alr.-a  free,  tl.e  Eux-au  of  Chip.-,  itepartJtcct  of 
the  Jiavy  under  Contract  liObo  o2t‘>C.  ^ 
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THE  ENQINEERIKG  BEHAVIOR  OF  STRUCTURAL  METAX^  ITOER  SLOW  .  ^ 


1.  GEHERAL  IRl'nOUUCTlON 


1.1  Introductloii 

The  purpose  of  the  Investigation  unlcn  v&£  cou_.ictfld  at  the  Unlversltr 
of  lllijiois  under  Cori-raet  Stnr'l834(Ol)  uaa  to  determine  the  time  senoltlve 
•treas-deformatlon  characteristics  of  iU-'  tiore  ccamonly  used  structural  metals, 
and  thi^  engineering  significance  of  this  Information  In  the  solution  of  problems 
concerned  vlth  Uui  behavior  of  metal  structures  under  transient  djmaalc  loads 
f/l'Oduclng  extensive  Inelastic  deformations. 

Tue  vorh  which  was  done  on  the  project  can  be  divided  arbitrarily  into 
three  related  parts:  (1)  The  testing  of  structural  metals  under  uniaxial  stress 
condi  tions  which  oie  produced  slowly  or  rapidly,  (2)  the  correlation  of  these 
behaviors  with  the  ones  obtained  under  conditions  of  slowly  or  rapidly  applied 
flexural  stress,  (5)  the  oevelopmeut  of  the  special  tenting  apparatus  requli^d 
for  the  experloental  work.  These  phases  also  form  the  major  divisions  of  this 
rejiort . 

In  the  first  pa.*!  of  the  report  Is  discussed  the  basic  apparatus  devel¬ 
oped  at  the  Unlvsrs?ty  of  Illlncis  for  u»c  In  the  eppllcation  of  slow  to  rapid 
loads  to  unlaxlally  stressed  coupnri::^  small  beams,  or  model  frames.  Sipce 
special  fl]:tures  end  Instrumentation  were  nee^wrar/  for  each  type  of  test,  only 
the  basic  apparatus  will  be  dlacuseeu  In  this  section.  The  details  of  the  flx- 
tUisg  sad  instruaentatlan  iflil  Ik  described  in  the  other  sections  of  the  report 
which  pertain  to  the  sctual  testing  programs j  these  aj*i:  Sections  2  aiul  3  which 
describe  respectively  the  uiUaxlal  sti-eas  studies  and  the  flexural  stress  studies. 


a 

The  Investlgatloua  cnnducted  at  the  University  of  IlllnolB  as  3  part  of 
Contract  Nour-lS3^(0l)  wore  concerned  with  the  engineering  aspects  of  the  behavior 
of  the  siaterlals  and  stmcturai  elements  under  conditions  of  slow  and  rapid  stress¬ 
ing.  'fba  aetailurgl eal  and  fundaueuvul  physical  nature  of  the  deforuatlon  process 
VBs  beyond  the  scope  oi  this  project.  Honever,  an  attempt  vas  made  to  cXaaalty 
the  materials  uhlch  were  tested  by  evaluatl’rg  and  recording  the  metallurgical  na- 
tux-ea  and  the  cheaLical  coapositiois  involved. 

l.S  Scope 

In  the  investigation  described  in  this  report  saall  specimens  of 
several  slus/  shapes,  and  materials  were  tested  at  rooa  temperature  under  stress 
conditions  which  for  same  steels  included  uniaxial  tension,  uniaxial  coitpresalon, 
and  nexure.  These  "atreaaiags"  were  applied  with  a  specially  'sonatructei  eschlne 
that  permitted  Indspeudeiit.  control  or  the  “rlae"  time  of  the  loading,  the  suulmas 
load,  duration  of  the  load,  and  the  time  of  load  decay.  (This  sechlne  was  ds> 
signed  not  only  for  this  Investigation,  but  for  genei'al  use  as  a  pulse  load!  ng 
unit  capable  of  applylikg  a  controlled  load  of  20,000  lb  mavlsuai  to  mall  struc¬ 
tural  elsBRnts  in  times  as  short  as  0.00^  seconds.) 

In  moat  of  the  teets,  the  loads  were  tield  at  constant  levels  after 
application  until  the  yielding  prorees  had  been  ccmpl<^ted.  The  main  va.'lahlea  of 
the  experlms?stal  Investigations  vrre: 

Uniaxial  Tenalon 

1.  illse  time  of  toad  (0.00;i  second  mlnlmia  to  appruxUnately  100 
A^coiids  ) 

2  a  Kaxij&uai  stress  level 

3.  The  type  of  steel  (re«l-ltlU.ed,  rlmp.ed,  low-alloy) 
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UnlaxIaJ  r<»'pt>‘Pgtpn-Tc..~.sj  ou 

Meoinir  oT  'oacLltig  (V.'nslon,  cottpr*- aFion,  atiA  revtrat;  loadings.i 
Some  secondary  variablea  of  Ihe  uniaxial  tests  were ■ 
a.  Manner  of  treaUieL't  (ae-rolied,  annealed  before  uacblnln^, 
annealed  al  ter  BAcblnlug  ) 
u.  Surface  rinlsh  (  ae  -aarhlned,  polished,  notched) 

FU'xurt 

3-  Level  of  suaxlstm  lond 

Using  Osclllcgrapha  and  ar  sorlat-.d  iiistruBieni>.\tion  having  adt-Quate 
response'  rharacterlsllce,  records  with  reap*  ct  X-u  tlioe  wo'a  taltea  of  the  noalnsl 
spo''lKcn  r'.'sistlng  strebs,  surface  strains,  aiui  averag''  rlo.igatlon  over  the 
"gagf.''  length  of  the  special:  n.  iroa.  these  records  the  reJaf.fmB  between  stress, 
strain,  and  tUse  were  deteminsd  for  various  tests. 

the  results  of  the  uniaxial  ter.slon  and  coatpr'  t;iun  tests  are  presented 
and  discussed  In  terhs  uf  '_i)  *h  tiar  a  .-lay  '-o  *i-  initiation  of  a  significant 
aaount  of  yl'.lding,  (2)  tr»  ra'.<  of  gcr.' i  al  yl  .ialng  where  applicable,  and  {3) 
the  general  nature  of  the  stre- pain-*  lat  t>^.‘.avlor  of  tlr:  various  metals 
t“£tcd. 

lu  the  slow  «  d  rapid  r:-xura-  t  .otb  of  sauall  b>.aue  of  rectangular 
suction  under  thlrd-poln*  loadlrg.  enc  ugh  informal  ioi.  vas  obtained  that  the  time 
deipendt-nt  stpebs- strain  btj*vlcr  In  '‘l.e  p«i-.  ffxirral  region  of  the  beam  could 
be  detersilned.  An  btt^^*■■  ewi-  correlate  this  behavior  with  tlu*  Inforeia- 


tioQ  obtained  from  imlaxlal  tests  of  the  seine  material 
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2.  ?IAPID  LOADlRi.:  AMi)  STRAINING  EQUIPMlitfT 


2.1  Introduction 

Tie  equipment  used  for  >iroducIr.g  the  loadi;  aoG  the  defoncations 
requlrvid  during  the  '■.curse  of  the  project  uonristed  of  two  types;  those  in  which 
(joeilncU.  det'orsatiou  was  the  quantity  noel  nearly  Independent  of  the  speciuca  be¬ 
havior  {atandard  hydraulic  and  acrew-type  universal  testing  uachloea  nod  a 
specially  constructed  hycLrauHr  actuator),  and  the  slow  and  rapid  pncuontic 
loading  unit  with  vhich  noaintu.  loads  th'rt  are  nearly  Independent  of  specimen 
r«spo.dae  could  be  produced.  The  pneumatic  unit  is  r  callail  the  pulse 

loadicai  unit. 

The  Baldwin  universal  hydraulic  testing  B;achlne  which  was  used  as  the 
load  standard  in  all  dq'naaoaueter  caJdbratlons,  was  also  used  for  siany  of  the 
alow  tests  run  at  rataa  conforming  to  AhTH  speclflsatloh  A  }YO-‘>trr.  however^  In 
tha  later  stages  of  the  pr.-'Ject,  for  convenience  in  usv  of  the  oaclUographic 
equipment  with  which  all  alow  tnd  rapid  tests  were  recorded,  a  hydraulic  actuator 
system  affording  ncmioal  atralnir.g  control  at  slow  rales  of  dlefomallon  was  de¬ 
vised.  This  could  be  qvrickly  cooiiS'cted  lu  se'le*  with  the  pulse  loading  unK  so 
that  no  change  of  el-har  Instriabentatiou  ccnnectionn  or  sprehu^u  flAtu-.-ee  was 
necassary  in  changing  from  slew  straining  testa  to  rnyld  loading  tests, 

2.2  Description  of  the  hooding  Apparatus 

For  the  Initial  purpof.’s  of  fht  InveetlgaMcn,  a  dev';.,  that  would 
produce  a.  rapid  loading  pulsr,  that  if,  a  pul.s-.-  that  is  nuar.ly  independent  of 
ipeclnen  refepjasfc,  was  very  d-'-slrahie  not  only  because  suet  a  device  would  permit 
producing  the  dtulred  loading  withou*  the  need  of  accurate  knowledge  of  the  sped- 
r»n's  response  charactcristlct,  but  also  tx  cause  nearly  identical  loading  pulses 
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could  be  applied  ervelly  to  Gtructural  componer.tu,  t-TjC  ’:  ,  J -jaf-  i>  v:ng 

varying  reapoiise  char'jcterlstics.  Other  re4Uii-  *ai -.’ts  ifcrr;  the  minimum  rise 

and  decay  times  of  the  loading  pulse  should  not  autely  tcc  aillli- 

aecooda,  that  noth  the  nadultude  CAd  duration  of  the  loadi'L^  be  Indepchd^ 

ently  controllable,  and  that  the  majctuum  loading  utreke  ..nouLd  be  at  least  four 
Inchea  with  an  aaaoclated  drop  In  load  of  not  more  thau  '.0  per  cent. 

The  Stl-hlp  puldo  loading  device  bhown  In  Klgti.  1,  2,  and  ?  was 
developed  to  satisfy  these  requirements.  This  unit  is  a  piston  device  in  which 
the  load  output  la  the  result  of  differential  pressure.  Ccopress:'!!  nitrogen  or 
helitilii  :lA  used  as  the  prueaure  source.  The  rapid  appllcatloii  and  release  of  the 
load  can  be  achieved  through  the  use  of  solenoid  triggered  tlMe  valvco  to  obtain 
the  timed  pressura  rtilease  from  the  two  chwabers  of  the  device, 

2. 3  Control  of  Loadln,-; 

The  use  of  this  device  permits  the  appilcntlon  ol'  a  loading  pulse  that 
may  begin  from  a  atatlc  level  ranging  from  20  kips  tension  to  20  kips  compress  ion, 
undergo  a  r^id  change  of  pluc  or  miniu  2C  kips  ma;':imisa  (with  the  i  trlction 
that  the  prwpulse  load  plus  the  dyncwlc  change  in  load  cari  cot  exceed  the  limits 
of  plus  or  min'SB  20  kips),  and  Uien  i-oturn  rapidly  itru  load.  The  duration  of 
the  peak  load  may  be  varied  frox  s  feu  mllllSvCOuuS  tw  many  hours,  the  rise  end 
decay  t.imes  of  the  loading  pulses  are  ''ontrollablc  by  ad^’istlng  the  vlto  of  the 
pressure  release  orlficee.  The  mltlmisc  time  for  cither  rise  or  decay  of  the  load 
Is  approx iMtcly  six  mllilBeconde.  Using  the  adju:  tabie  orifices,  it  Is  possible 
to  increase  the  time  for  rice  or  decay  of  the  load  uo  approx.imatrly  half  a  second, 
and,  of  course,  loadings  at  relatively  slow  rates  ran  be  achieved  by  the  slow 
bulld-hp  of  pressui'es  in  the  chambf.r>-  of  unit  using  the  manual  pressure  supply 
system.  A  feu  possible  loading  polsee  aie  shovn  in  Fig.  1- 


c 

2. 4  Fast  Usaflce  Ir.  Tgatnig 

Tn  the  iaveatigatloa  In  Ui'  j  report  the  00-ltlp  pulse  loading 

unit  vaa  used  for  the  rapid  uzilaxlal  teoslou  and  uoapresslon  testa^  and  also  for 
experiments  involving  rectangular  beaas  under  third-point  loading.  In  addi¬ 
tion  to  these  Invcstlgai-ioos  for  tchich  the  teating  arrangeaienta  are  shovn  in  Flga. 
7  and  31|  the  loading  unit  waa  uaeil  also  in  a  ceriea  of  tests  of  ssaXl  aodel 
iraoss  under  both  aluv  and  rapid  loadings  Cio  arranganant  for  these  e^^erlaenta 
la  shown  in  Fig. 

Since  the  successful  davalopnent  of  the  20  kip  loading  unit,  mjichinea 
of  larger  oased  upon  Its  design  have  been  cfvnstruoted  at  the  University 

of  IlIluoiB.  One  of  these  uchinns  Is  shown  in  Fig.  6.  Ibis  nachine  .'oae  a 
capacity  of  plus  or  minus  60  kips  and  a  mlniaist  loading  time  of  approxioatsly  15* 
■iliiaecabda  under  ordinary  usag*. 

2. 5  Deecfiptloc  of  the  Slow  Straining  Unit 

Aa  waa  mantlonad  in  the  introduction  to  this  section,  a  hydraulic 
actuator  which  can  be  connected  In  lerles  with  the  20-kip  pulse  loading  unit  was 
provided  ao  that  straialag  testa  at  alow  rates  could  be  performed  coovaniently 
without  changing  the  lastruaentatlon  or  the  Banner  rf  specimen  connection.  A 
schesiatic  diagram  of  this  unit  and  the  aBSociated  prcaaure  control  nystea  la  ahovn 
in  Fig.  3.  The  entire  testing  arrangisient  la  ahovn  in  Fig.  7. 

2.6  amaceLry 

A  general  purposn  loading  unit  hais  been  developed  which  permits  control 
of  the  load  pulse  as  foUova: 


(a)  Ibe  magnitude  of  the  tensile  or  :aapre-;slve  load  pulse  can  be 

varied  free  apprcxlne.tcly  2000  ‘;o  20,000  pounds,  correapondlng  to 
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mair.  cliaiuber  preaauree  oi”  100  to  1000  psi.  (lOO  pal  is  tlie  lower 
limit  of  consistent  operation.) 

(b;  Iba  tis-.-  interval  between  the  initiation  of  the  loari  and  the  k-tart 
of  load  release  can  be  viuied  from  a  0.007  second  mlnlmuc  to  long 
hand-tljoed  intervals. 

(c)  'the  rise  time  o*  the  load  can  be  vai-led  from  a  0.00$  second  minimviu 
to  l.$  seeonda  uaiog  the  slide  valves  and  variable  orifices,  or 
frcB  a  $  second  minlavBi  to  long  times  using  the  pressure  regulators 
and/or  needle  valves  to  control  pressure. 

(d)  rae  decay  time  of  the  load  is  independently  variable.  The  range 
possible  la  the  same  as  that  of  the  rise  time  since  the  two  slide 
valve  aaaomblies  are  identical. 

for  use  in  conjunction  with  this  apparatus,  an  attachment  for  the 
control  of  slow  atralhing  rates  has  been  provluca.  Therefore,  in  one  location, 
apparatus  la  available  with  which  slow  teats  may  be  run  under  either  loading  or 
straining  o^ntrol,  and  alao  with  which  rapid  loading  pulses  can  be  applied. 
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3-  UNUXIAX.  STRESS  TESTS 


3.1  Intrcductlon 

During  the  past  few  decades  much  effort  hac  been  devoted  to  determining 
the  behavior  and  the  nature  of  the  oatorlals  with  vdiich  man  buildu:  The  sort 
commonly  uacd  the  material,  the  -^re  extensive  have  bean  the  Investigations.  Con.. 
se.j[uently,  a  great  deal  of  Infomaticn  Is  available  concerning  the  most  cosmouly 
used  structural  metal)  steel.  However,  the  fact  that  steel  Is  an  alloy  of  Iron 
and  thej'eforo  can  have  greatly  dlffuieni.  pr-.ip.rtles  has  made  the  determination  of 
Its  behavior  in  all  Its  various  forme  a  never  ending  taak'’'^'  .  As  fast 

as  new  instrunontatiou  capable  of  more  ar.ciu-ate  measurement  or  better  time  resolu¬ 
tion  has  been  developed  investigators  have  attaopt.'d  to  extend  their  knowledge  of 
materials.  The  developasent  ol  th..  vif..  roslctance  strain,  gage  and  the  coamon 
availability  uf  '''.sclllographio  eijuipmcr.*  useable  in  the  ailcrosecoad  range  has  led 
VO  thr/  eu«aparaT.ivciy  recent  work  of  Davies,  and  Clark  ana  Wood,  et  al.,  and  has 
tnereforc  resulted  In  tiro  ac.julsl*loa  of  new  knowledge  pertaining  to  the  time 
8ea..lv.lve  U^havlor  of  metals. 

While  It  ta  probable  t.hat  no  other  materials  liave  been  the  silbject  of  as 
srany  Inver tlgatlons  as  structural  stvel  and  aiumlnus,  little  Informatlou  Is  availa¬ 
ble  about  the  strecs-deformatlon  characteilstlcc  of  tdros.'  metali  in  the  range  of 
strain  rates  correopending  to  those  that  might  be  created  in  the  members  of  typical 
structures  by  iarg*  dynscic  forcts,  that  in,  strain  rat.eB  Increasing  from ’Static" 
to  about  1  In. /in.  per  cecand  .  Furthcxim.irc ,  an  regardn  linn  alloys,  tlic  deforma¬ 
tion  ctaractcriatlca  arc  greatly  affected  by  '.xtrsjnexy  small  concentrations  of  the 
alloying  elements  and  also  by  ths  form  of  thuir  pretence  ^'af.  solutes  or  precipitate?). 

* 

Numbira  refer  to  entries  In  the  bibliography.  Iha  bibllographv  liiciudeE 
references  fur  backgrourra  information  in  addition  to  tho:,!.-  references  noted 
in  the  text. 
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In  addition  to  these  dlfflcultieti,  no  aatlcfactory  theory  based  on  cheaical  eoa^osi- 

tion  has  been  developed  with  which  quantitative  iiredictlons  of  the  time  sensitive 

behavior  of  these  sietnls  can  be  Biidej  although  qualitatively  many  characteristics 
b.  It  'T  20  Ul 

can  be  explained.  >->■/»  _  Itercfoxe,  the  time  dependent  atresB-deforaation 

charactariatlcs  of  specific  metals  uBtadly  must  b«,  determined  by  experimental  meana. 

The  uniaxial  stress  tests  described  in  this  report  were  performed  to 
obtain  specific  stress-straln-tlne  Information  for  a  few  of  the  mure  commoaly  used 
structural  materials. 

3.2  Description  of  UnlaxlaJ  Testing  Series 
3.2.1  Typgs  of  Specimens 

The  materials  which  were  investigated  Included  the  following;  rissu;d 
steel  from  om  inch  bar  stoc\  in  the  ae> rolled  and  aimepled  condition,  sesii -killed 
steel  fi-OBi  one  Inch  plate  stock  in  the  asi-rolled  condition,  fully-killed  steel, 

ASIM  A-7  steel  obtained  from  a  Vi  section,  twu  low-alloy  steels,  a  chroaui-uickel 
steal,  a  steel  meeting  ASTH  specification  A-2^2,  and  USS  T1  steel.  In  addition 
bO  6i-T6  alunlniM  was  tested.  A  siMmary  of  th»  «>«t.«Tisl3  tested  is  given  iu  laoie 
1  and  a  description  of  the  riyst-.-si  used  for  ^peciaien  designation  Is  presented  in 
T.'.blc  2. 

In  the  preliminaji'y  series,  comj^sed  of  specimens  hes'lng  an  area  of  0.100 
sq  In.,  the  rimmed  ateel  bar  stock  (RB)  and  the  semi-klllcd  steel  plate  stock  (Sf) 
t/»8ted  as-rolled  (Ai,  ancei.t.?!  after  machiaiiig  (B),  anil  annealed  before 
machining  (o) ,  Ir.  Mddltlon,  seme  of  the  ipeclmeas  of  the  pi^ilmlnury  series  were 
tested  poilched  smooth  (3}  and  some  with  a  .^wasdl  clrcuaferentisl  notch  (n). 

Following  these  tests  it  was  decided  to  test  these  two  steels  aa-rolled 
since  retaliurgical  inveBtlgp.tiocs  revealed  that  the  alci'cotructiLpeG  were  quite 
unlfonr..  These  were  the  series  called  2  MRBA,  2  ShHA,  2  SSPAL,  and  2SSPAI.  . 


1C 


The  bar  stoclc  Bpeelmens  were,  of  courae,  aligned  axially  with  respect  to 
the  direction  cl'  i-oJ.llng  of  tb*  bar.  Ite  plate  atork  speclsieaa  'aere  oriented  with 
their  longitudinal  axes  either  paraliel  to  tiie  direction  of  alll  roiling  (L)  or 
with  tholi  oMU  iransverae  to  the  direction  of  ttill  rolling  (f)* 

The  tests  of  the  Bo,  NL,  and  KB  seirl.es  were  not  InstruBented  as  conplctely 
as  the  others,  in  that  only  resisting  stress-tiate  and  EH-h  gag®  Btraln-tlawi  infoma- 
tion  WSLS  recorded. 

The  dlnenslons  of  the  various  epeclsen  types  are  given  in  I'lgo.  9>  U/ 
and  13.  The  fom  of  the  speclicami  varied  frpai  arehj  of  O.lCXl  84  in.  to  0.200  sq  in. 
ana  in  forn  froai  the  gently  curving  profile  Ulustratad  in  Fig.  9  to  the  profile 
shown  in  Fig.  13b  which  vm  developed  for  use  in  either  tension  or  cosqiresalon. 

Table  2  also  provides  a  key  to  the  profile  vsed  for  the  various  series  of  tests. 

3.2,2  Mecufacture  of  Spccloenr 

The  speclaeob  which  were  tested  in  the  as-rolled  condition  were  Machined 
:'rott  band  aawed  tii  anVa  nwi ng  a  depth  of  cut  on  each  pass  of  no  dore  than 

1.02  in.,  which,  under  tie  oil  coolant  used,  laised  the  speciseu  tcKperatui-e  to  no 
nore  than  150  degrees  F.  lU:  fl.-il  ^ut  'a.  uhoal  C-.JOU  in.  oversize  for  the  specl- 
ten  to  be  polished,  wer.  ebout  0.005  it.  in  depth,  FoUc-wing  this  cut,  the  specljsens 
were  polished  by  hand  held  effiSry  clotn  the  final  tti— ff."if?inng  and  to  u  finish  that 
■  arled  free  about  11  slcioincueu  r.a.s.  to  sosie  20  nicrolnchcs  r.a.s.,  with  an 
iversgt  finish  of  about  15  ndcrolncbes  r.a.-.  ac  indicated  by  a  type  PAC,  serial 
11  (ProfiiCBieter;  manufactuied  by  the  Fhyvlclets  Research  Company,  of  Atm  Arbor, 
Michigan, 

Tic:  as  mechtned  specimens  were  cut  to  the  final  dimension  using  a  final 
of  about  0.005  In.  The  surface  roughness  of  tbese  specimens  varied,  froffi  about 
00  to  200  microinches  r.m.e.  with  an  avera®:-  of  about  150  mlcrolaches  r.m.s. 
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A£i  VOS  mentioned  in  Section  a  few  of  the  preliminary  series 

specimenc  .ere  notched  cArcimferentially  (lU).  These  were  "v"  notches  about  0,01 
in,  wide  and.  0,01  in.  deep. 

Following  the  pretest  measureiiients  of  sni'f'nce  roughness  and  diameter,  the 
SK*^  gages,  if  used,  were  tipplied  to  the  gage  sectloc  of  the  specimens.  During 
tills  process  the  specimens  were  heated  to  about  ISO  degrees  T  for  a  period  of  some 
four  hours.  This  auy  have  aged  the  niiterial  somewhat  with  respect  to  the  reeliual 
etrcBses  resulting  from  the  machining. 

The  procedure  listed  above,  akich  is  that  followed  in  the  preparstion  of 
the  an.rolled  epeclaena,  was  foJlowi*d  )n  preparing  the ’Sinealed  before  machining" 
•pecimena  beginning,  of  course,  with  the  an.'\ealed  specimen  blanks. 

Xu  the  case  of  the  "annealed  after  machining"  spseiisens,  the  hi.at  trcat> 
meat,  performed  in  an  electric  furnace  by  beating  a  tube  containing  the  Biachi.ned 
specimens  sealed  in  an  ataoophere  of  helium,  was  folloned  by  the  removal,  by 
poliahing,  of  the  fl-tal  0.002  .n.  left  by  the  machining  process. 

The  HL,  HB,  and  NSY  specimens  were  pt^arsd  elsewhere  and  sent  to  the 
Univereity  for  testing. 

5,r,3  Hetallurgtcal  Properties  and  Chemical  Compositions 

In  commenting  upon  the  results  of  the  metallurgical  investigation  per¬ 
formed  by  the  Metallurgical  Department  of  the  University  of  Illinola  on  most  of  the 
steels  used  for  the  specimens  described  in  this  report,  tbe  uuthors  refer  the  reader 
to  the  BUBomry  given  in  Tsble  3,  and  the  metallographs  of  Fig.  1^. 

These  studies  did  show  that  the  steels  were  very  uniform  in  their  so- 
called  as-rolled  condition  und  that  conseiiuently  for  this  reason  the  annealing  and 
sjjhsrodining  were  ’iot  necessary  to  obtain  consistent  results. 
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Tlif?  almopt.  cromplt^;'!  derarbur^zat.ion  of  Bt.eel  NS,  aiid  the  broadJy 
ilecsrburlzed  bandr  of  ;-teci  SR  .-ihool.d  W-  noted.  It  io  poBPlble  that  this  deuarburi- 
zat'on  greatly  affected  the  yield  behavior  of  the  amterlals  as  compared  vith  that 
of  the  other  steels. 

The  chemical  coajxxsltlons  uf  the  steels  as  detemlnsd  In  a  Chech  analyals 
by  the  H.  V.  Hunt  Costpany  of  Chlcsgo,  are  given  In  Tabic  Inadvertently  the 
toygon  content  of  the  steels  was  not  reiiuepted;  this  is  rtigrettsble  since  Luis 
would  probably  be  one  of  the  oore  luportant  dl  ‘ferences  between  the  risauKi  sod  the 
Semi -killed  steels. 

5  }  Deiicrlption  nf  Testing  Froc^dm  .r 

3.5.1  Iniitruaentctlon 

To  record  the  data  from  the  preliminary  series  of  t.ests,  tbs  four  channel 
cathode  ray  oscillograpt  showy.  In  }lg.  i'j  wa.-  u..d.  Ihls  Sijulpecdnl'  was  virtually 
fla*  in  responsK  froo  some  five  rps  to  thirty  acs.  lbs  lower  limit  was  iMpoBed  by 
the  Inetsbiilty  of  11)c  D.C.  pr*.aaii/j  1  flire  which  caused  algclflcant  irlft  in  the 
traces  over  titles  as  sltort  as  C.l  sr  0.2  rocoiulr’.  Fo:r  this  reason,  the  eijuipment 
was  not  satisfactory  for  the  recording  of  ter’s  Invcrving  durations  of  several 
seconds. 

ftn  the  >^<»ls  of  the  tecords  obtainea  with  the  ChO  e<julpB)ent,  It  was  seen 
that  the  Hathaway  magtu  tic  oscll  iogrejyhlc  eiyulpf  nt  avail  able  in  tlu;  laboratory 
would  have  response  e*- ■•raf  ♦►rl  s*  I  Cr-  ad’Quatf  for  tt*-  faithful  recording  of  the 
resisting  ptresiprs  and  a’rfdr.'j  devslop  d  Ir  '•he  rapid  loel  teat*  with  the  advanta^ 
Of  excellent  long  tlsjs  stabili'fcy  ■'hat  woula  penal''-  upe  of  the  lastrTtasntatlon  for 
the  recording  of  slow  testa  as  we.u..  Ttirtfore,  the  aagnetic  oscillographic  er^uip- 
ment,  sliown  in  Fig.  l6,  wae  used  for  -^.te  male  serl'-s  of  teste.  This  equlpocst 
inoluaeo  a  Hathaway  'Q'pe  icagnetlc  oscillograph,  Ic  which  were  used  Type  0C2, 
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GroiQ?  recording  galvanogietero.  T2ip  Type  M/lC-lS  Hatiiavay  carrier  stri'.l  '  aapll- 
t'ier  Hyi,  i,t£  itas  modified  using  am  extenioJ.  carrier  oscillator  sod  Dover  sipply 
which  iiAd.  characteristics  si^erior  to  thiose  of  the  original  eiiuipmeut.  The  usable 
upper  rre(iUcr.cy  limit  is  about  ^iQ  aps,  while  the  lower  limit,  as  oentlooed.  abcire, 
is  D.C.  A  block  dkap-am  of  the  Uathavay  etuipnt-nt,  la  shown  In  fig. 

The  phenomena  r>3Corded  versus  time  for  the  preliminary  testing  aeries 
were  the  following:  (1)  output  of  an  SK-h  gege  dynamometer  recording  the 
stress  developed  on  the  end  of  the  specimen  opposite  that  to  which  the  load  was 
applied;  and  (2)  the  output  of  two  SJ4>k  strain  gages  attached  dlaswtrically  oppo> 
site  each  ether  on  a  gage  section  of  c.  speclsien.  On  the  2SB,  SSF/  HR^  NSy,  NX,/ 
and  KN  series  the  output  frcai  an  extensoaeter  connected  acroaa  the  gage  length  was 
recorded  also.  Uie  dynseoiBeter-speciaen-exteusijinater  arrangement  used  fbr  most  of 
these  tests  is  slowa  la  Fig.  10.  In  all  other  testing,  series/  measuremkats  la> 
eluded  the  entput  of  the  dyusHometer  as  before/  but  strains  weru  obtained  I'ram  a 
radge  spring  type  axteneomstar  connected  across  tlu!  specimen.  Xhl/i  axtaaco- 
mntar  had  two  Independent  SR-4  bridges,  the  outputs  of  which  were  recorded  with 
different  sensitivities  eo  t.h«t  the  entire  renge  of  strains  could  be  resolved 
adequately. 

The  variC'Us  dynwioaeter-lastrumeatetlon  systems  were  caJdbrated  "staticedly' 
versus  the  load  measuring  filystec  In  a  12Ci,90C-lb  Baldwin  lu.; versa!  hydraulic  testing 
machhifc.  In  '.he eking  the  a;  ca*^'  y  .'f  t.V-  dyc**>  vs  .•t»r-osolilogratt  lv,ni  mc.«,»urlng 
system,  luasure&Lonte  frcai  alow  stralnlc/?  i>-st  OBclllogreuu  were  ciopared  with  the 
load  dial  resdlnga  taken  on  the  Baldwin  usa-hlnc  *.t  corroapondljOE  tlmeH,  Us'uslly 
the  loede  were  within  about  100  j.h  --ut  of  10,000  lb  with  an  occasional  maxlmun  error 
never  greater  t;han  JXi  lb.  That  is,  the  unual  error  wa^  about  1  i  jier  cent  (and 
usually  lower)  with  a  maxlmus  error  never  ebsorved  to  be  greater  than  1  3  per  cent. 


In  the  teats  In  '(bich  gOK&s  were  attached  to  the  gage  section  cl' 
the  specimen,  heeding  could  be  determined,  llie  percentages  of  bending  r«n»«d  as 
high  as  15  per  cent  In  some  few  cases  but  generally  vere  less  than  5  pei*  cent. 

The  allinmeat  procedure  possible  vith  the  development  of  the  unlamlal  tonslcn- 
campreai.ion  fixtui^a:  •>»  such  that  the  perconteges  of  bending  vere  usually  less 
than  5  per  cent. 

Qia  axtansaaetars  that  wre  used  at  various  times  throughout  these  Inves* 
tlgatioas  vere  all  of  ths  flat  spring  type  ebova  In  figs.  10  and  13.  This  type  of 
oxtensometer  aut  regulrements  for  range,  sensitivity,  dynamic  charscterlatlca,  and 
simplicity.  In  these  "transd'Jcsrs'*,  flexural  stiains'ln  the  flat  springs  were 
measured  with  aiit-4  gsges  conneetsd  as  four  atri  hi-ldgsa  vlth  all  aou  active,  so 
that  a  strain,  msgulflcation  of  four  vaa  obi/ined  along  with  tempei-ature  cogRpansatloa. 
The  extensosujtar  last  used  had  tvo  complete  brldgeii  of  SB-^  gages  on  them  so  th.%t 
two  different  seniltlVltles  mold  te  used  to  resolve  the  tvtml  range  of  speclsMn 
extension.  Tharerom,  In  theae  latex'  tests  SI.-4  gagas  vere  not  used  on  the 
epecimens. 

Jdst  prior  to  nush  tost,  uallhratlon  toaces  'sere  recorded  ua.  the  osclUo* 
gram  by  snuntlog  the  respective  bridges  vlth  preclslpn  resistors  whose  equivalence 
In  tanu.i  oi'  ths  guantl*. '  vs  being  oieasured  had  been  dsteialnsd  earlier.  Usually  the 
oonplet'  di/namosietor  sno.  extenscweter'lnstruasutatlcui  channel  s  were  callhrmted 
directly  hiforo  and  a;t.r  r  every  series  of  tests  and,  In  sosm  cases.  In  the  middle 
of  a  long  testing  serle", 

It  is  relieved  that  ths  total  errors  associated  with  BOasunsrent  of 
ncasinal  load  are  no  more  tvinn  ±  J  per  cent,  that  thw  total  err&rs  ssasurod  with 
the  nf  extension  between  the  pralnts  of  attachment  of  the  'ixtenso- 

metors  cure  no  mors  than  i  5  per  cent. 
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A  major  problem  associated  vlth  Interpret.aclon  of  th.c  results  of  t}ie 
tests  la  utiiah  exteoslou  aas  measured  across  u  reduced  gage  length  Is  the  determina¬ 
tion  of  the  effective  gage  length  of  the  speclmeos  throughout  the  t*utlre  range  of 
deformation.  The  atud/  vhich  was  made  of  this  problem  Is  reported  In  Section  5.5.6, 

5. 5« 2  Slow  Tesla 

Firtii  tivr  e-'Sahi.v  of  Ihe  testing,  preaeuted  In  Tables  5,  It  can  be  seen 
that  alow  teats,  I'i.th  two  exception!,  were  pcrfcrsu.d  In  the  Baldvlr.  universal 
testing  aiaeuiae,  or  the  pulse-loading  machine  with  or  without  the  alow  stralalng 
attashnaat.  Qie  equivalent  elastic  strain  rates  used  for  these  tests  ware  within 
thosi’  sHowsiLle  under  apeciflcatlon  570-56'i.  hlncc  a  rather  coniplete  stamuu> 
of  the  conditions  imriar  which  these  tests  were  run  le  given  In  Table  5,  very  lit¬ 
tle  dlscusBlon  la  uecessai/  In  the  text. 

It  la  to  be.  mted  that  alow  tests  of  the  SSA  specimens  idilch  ware  tested 
In  the  Baldwin  machine  produced  yielding  at  lower  streasee  then  those  ttUch  ware 
tasted  In  the  pulse  loading  Kschine.  however,  no  such  difference  In  yield  strength 
was  obtained  for  spsclaiene  of  the  Sl’A  series.  The  differences  between  these  eerlee 
of  tests  were  thtt  foUowln.^'  (1)  tho  rtatlc  sp<!clmens  which  were  tested  in  the 
BskLdwln  msvhiTw  were  ’’pricked'''  on  the  gage  area  by  the  extensoswter  points  (idilch 
might  affect  yielding  behavior);  (2)  slightly  different  loading  rates  were  used  in 


in  Table  5,  the  coastsuta  C,  C.  and  are  used  within  a  test  series  to 
differentiate  between  the  conditions  under  idU-cli  each  test  was  run.  For  the  rapid 
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In  T'ahle  5  and  In  the  streac  paramt-fters  used  In  this  report: 


Oyy  upper  yield  stress 

0^.*  =  epper  yield  atrssa  In  a  silow  straining  test 
0^  =  iDwex  yield  stress 

02_y*  “  lower  yield  stress  In  a  slow  straining  test 
’  ultlsiate  strength  of  a  material 


It 


the  two  machlu-jj  ana  (3)  the  smoothiieda  of  application  of  loading  between  the  two 
tachlaeo  may  havi-  differed. 

In  Mgs.  17a  and  17t>  are  v'hown  photographic  reproductions  (about  half 
aiie)  of  the  type  of  oacillograau  which  were  produced  during  the  slow  tests  in  the 
Baldwin  machine  as  compared  with  the  palL:r  loading  machine. 

5.5.3  Machine  Vibration  leats 

‘fo  deteruioe  whether  any  significant  differttnee  existed  in  the  amoothneas 
of  the  loadings  produced  by  the  three  testing  machines  used  (the  Baldwtn  machlae, 
the  pulse  loading  machine,  and  a  Hiehle  screw  type  testing  machloc),  an  atteatpt  was 
nadc  to  meas'rre  the  vibration-^  induced  in  the  teat  spaclmuue  by  operation  of  these 
testing  machlnea.  UlthiQ  the  seoaltlvity  cf  the  recording  InstrUBentatloh  no  vlbrm* 
tlona  were  evlOent  in  the  loeHng  produced  by  either  the  Baldwin  narhine  or  the 
pulse>loadlng  machine.  However,  vibrations  having  an  amplitude  of  tome  52  or  40 
mlrroinchee  per  inch  of  strain  ware  apparent  in  the  tests  performed  in  the  Rlehle 
screw  typo  machlnr. 

3.3.4  Residual  Hlcrostralc  Determlnatlo;^ 

Many  metal  i,  but  not  1  ■—  1  uding  mild  steel,  do  mt  •»hibit  •  perfectly 
linear  reXatlonahlp  bu'weer  applied  sttesu  a{,d  rtcultlng  strain  or  vice  versa, 
even  icu  lelatlvely  li<w  valuer.  01  cuurww,  the  degree  tc-  which  this  holds  true  Is 
foaiewha-  depor.dont  upon  the  sensitivity  of  moaeurement  possible  with  the  method 
u>ied  for  observing  ctress  and  strain.  While  nlld  steel  does  have  a  nearly  linear 
and  aimoBt  perfectly  cl  act! c  Btrecs-strain  rel  ationship  for  relatively  low  levels, 
a  departure  from  linearity  and  from  elastic  action  does  become  evident  at  atresa 
levels  above  acmethlng  on  the  erdtr  of  ont-haif  of  the  nominal  yield  strength  of 
the  steel. 
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Scic  ir.voitlgeit,or;-.  ‘  hav,7  su'jw/'sttd  3ha*.  a  critlt',!.!.  amount  ol  liicias- 

tlc  may  n"r  snary  b'>for,-  a  g.:rir«'  yti-i'’ing  coudlt.lc.n  if  Inltlatou, 

(in  thl rvf,.!-*  <  tt>ra;  ailci'ottralt.  will  be  apfiJ ’(*  »o  all  laclsatic  etrslning 
preceding  the  devolopm"nt  jf  th  i  general  yleldlnj;  condition.)  It  follows,  then, 
that  e  eUfforcncc  In  the  character  of  tte  microstralalag  which  prnccdeo  general 
yiollicg  wt>ull  bo  related  to  the  nature  of  the  djniatic  yl-.ldlnj'  hohavior.  However, 
os  a  tatter  of  ivitarest,  a  few  cycled  loadlnge  ware  applied  +g)  a  few  Bpeciicnae  of 
t|te  StiaJi,  HRBA,  arid  'ViFA  curie-e  In  the  Hainwin  bydra'rllc  testing  lachlac,  the  pulic- 
looding  Bonhinc,  ai.d  ’lie  Bletun  screw  typ .  testing  tarhim.*.  ^u.  ^training  rycleo, 
which  hod  a  "perioa  '  nf  about  S  slcito;:  (durii^;  which  abou'  one  tlnutc  woi'-  required 
for  tha  straining  and  oi.e  tinu’.<:  for  making  the  reilauai  str>’in  ceo.  uroLentc ) ,  wore 
of  surceusi ve..^  Inc-eoalng  magi.ituhe  calmit^aMng  it;  the  yi'  .ding  of  the  sppcim.T. 

iTtC'  dliig  o»d  fo*_owiiig  each  cy  '.e  r.f  .'t/alr.ir.g,  the  SR--'  gege  -.  attached 
to  the  gag<.  sootlor.  of  the  'ip-- ijoec  wer.  rtau  using  a  Ballwin  Type  ..train 
i.ndlcator.  freo,  *.hcsc  reading.,  the  r'.iiauo.  itrain  ro>tulting  I'roc.  ca. h  .tram 
eyilr  wac  dcteiwiini.d.  The  rtnu.tt.  wbi a->.  pr.;eet;t,d  in  fig.  1?  iiidieate  that  in 
these  touts  general  yl'.uiiig  wa .  piecided  by  irela.  t.e  s.icr-t  trait  -  ’  on  tt-  rrder 
C  f  2C.  *  eO'^  IL./ln. 

t.  3.  b  bai  l-t  U:  iMii-  Te  • 

A  d-  Trlptici.  ..f  tne  te-tc  oed  ’ht  ref  utu  are  pr^^ent'-Q  in  laole  S  j* 
1‘el,-  *!.eee  tat_o  .  wil_  revoo.  i-  mc-.'t  cf  tht  rnpli  t.- ti.  Icahe'  were 

.-rplied  ropiol.)  *o  a  constar.’  iC'^el,  er.d  w-.c'.  held  at  thi throughout  the 
duration  of  the  te.-t  until  yi:_ali.tt’  -hf.a  ttoriy  -iopptd,  irually  some  four  or  five 
seconds  after  it.,  common e-ea.er.t.  foiicwitg  •  iilo  ’\hc  hoah--  were  roloaied  rapidly 
to  lero.  In  cost  o;  the  teet  seriei:,  liir.tleaj.  .tp'r-ije-e  were  ttL-ted  at  cither 
the  nominal  iitatic  rates  or  with  ri.e  tiir;e  uf  loadlr.gs  on  the  order  of  C.C06 
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seconds,  llie  tests  were  run  at  stress  levels  ranging  tetween  the  static  tipper 
yield  stress  and  the  maximtBi  strength  of  the  specimen  material  so'  'that  a  range  r-'^ 
delay  times  and  of  rotes  of  general  yielding  could  he  obtained. 

In  the  2R£  and  2SP  series  of  tests,  three  rise  times  of  loadings  were 
O.CQ$  seconds,  C.IC  sacoada,  and  -j.^  seconds. 

For  the  NR,  PS,  (1,  K,  T,  and  L  series,  the  loads  vere  applied  to  a  few 
specimens  in  tension  and  to  the  others  in  cossiresslon.  Only  in  the  case  of  the  NR 
series  vere  the  stresses  reversed  after  the  specimen  had  been  initially  yielded 
under  a  stress  of  the  opposite  sense. 

An  has  been  mentioned  earllar,  'the  pheuwena  recorded  versus  time  for  all 
eeries  Included  nominal  reelstauca  and  a  measure  of  strain  obtained  with  either  SB-k 
gagei  alone,  SR-4  gages  .In  combination  with  an  extensosaeter,  or  a  dual  range 
ex ten some ter. 

Photcgraphlc  reproductions,  about  o.oe-half  size,  of  oseillogriiBis  lllus  • 
tratlug  the  loadings  Mutloaed  above  and  also  typical  results  are  shown  in  Pigs.  17c 
to  17f- 

Before  each  of  these  tests,  as  well  as  before  each  alow  loading  rate  test, 
a  small  load  (corresponding  tc  a  stress  of  no  more  than  ID, 000  i)Si)  was  applied  as 
an  aid  in  aligning  the  specimen  with  respect  to  the  loading  axis.  If  the  SR-U 
gages  on  the  specimens  so  taiitruaented  indicated  a  bending  strain  greater  than  about 
3  per  cent  of  the  axial  strain,  the  specimen  was  readjusted  until  the  bending  was 
less  than  that  yalue.  On  the  specimens  not  having  QR-4  gages  the  small  pretest 
-*  ./MS  applied  and  released  to  "settle"  the  specimen  lu  its  seat,  a  procedure 


i 
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;tn  Table  5,  i-ha  losignltudes  of  the  rapid  loads  ore  listed  under  either  Ouy  or  Oj^y. 
ISiese  expresBloas  for  streae  are  equivalent  in  rapid  tests. 
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wtifrti  h<i(i  proilur,  d  i  atlEJ'actory  al  Igtunrr.^  of  most  spt.ftmorib  InatriiEcntcd  uith  SK-a 

gagop, 

3.  3  Cj  '•Jffac*.tve  Ga»;>-*  I<  nfi>l' 

As  was  icentloned  earlier,  a  problem  associated  with  use  of  the  lafoima- 
tloa  obtained  from  Lhe  uniaxial  etreea  investigation  is  that  of  relating  extension 
detftrmlned  from  an  cxtensoeieter  attached  acrosr  the  shoulders  of  the  reduced  gage 
length  of  a  specimen  to  the  actual  effective  at  rein  in  the  npecrutn.  Tor  small 
strains  of  aa  ciantlc  epeclmen  the  effective  gage  length  can  be  cosiputed  and  is 
a  constant  times  the  actual  gag  lergtb  of  the  tseten.  ;,iiet»  r.  However,  when  yield¬ 
ing  oer>ir«  in  the  epecicdi,  ‘h'  effertlve  gag-,  length  will  change  with  the  mignltiu;e 
of  thai  yieiiiing.  Tule  has  ottn  irulirated  by  a  serj„f  of  expi.rlm'.nts  dedgne-d  to 
provide  Inforuatlon  coocemlng  this  matter.  In  figs.  19  are  shows  the  results  of 
thl;*  Investigation.  Figi .  19a  ar.d  19b  Indlcat*;  that  prior  *o  »h>.  beginning  of 
ylelali.g,  the.  effective  gage  length  of  a  ihoiildered  sp- rlu' n  of  ir'-li.l  -.tcel  was 
approximately  equal  to  the  computed  tis.:tlc''  value.  JU  ti.e  cpeclju.n  yielded,  the 
efl'cctlve  gage  ieiqjth  dropped  raplauy  ‘o  its  lowest  value  which  coincided  with 
general  yielding.  ■  A  'he  pecim  u  .,'ruio  hardtitd,  'he  vtiluo  of  tL..  ■  ffecti'rt;  gage- 
length  incrented.  for  aperim-ct  .  made  i  f  a  iu.‘.tricl  that  CAhibited  no  upper-lower 
yield  point  phenoettia,  the  varla’i-n  in  off-tcMvst  gag-  iergth  who  .'.css  extreffit-  and 
uu  inerease  of  '  fftetive  gage  ijigth  wi-.;,  ..nraiu  haroeaing  was  indlcate-d.  Hiis  is 
ili-untrauea  in  Fig-.  19c  at.d  19d. 

In  the  RB  and  SF  .-eriee  specljn'r-e  the  offcctiv..  gage  length  after  yield¬ 
ing  had  occurred  vsb  aitutta  to  be  cnnjtant.  TU-.  value  uecd  was  obtalnc-d  by  direct 
calibration  during  Blow  straining  rate  tests  of  the  ’’static  '  speciiuene.  For  the 
PS,,  ft,  K,  T,  and  L  mal'.rialu,  the  effoctl’-j  gage  l.r.gth  uecd  was  that  determined 
fi-oai  pilot  tests  of  the  saiLc  itaterial.  All  etralnc  ai.  reitorted  in  this  report  are 
corrected  for  the  effect  of  yielding  iqxju  the  effective  gage  length. 
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3.4  Results  of  l)ril»»nlnl  Teats 

5.4.1  genereJ.  Time  Sensitive  Behaviors  of  the  Hateriftis  Tested 

.'t  xr  .luip^a  .lv«ly  well  kfiowti  tbut  DKtiils  having  a  txidy  centered  cubic 
lattice  str'  ctut-e  usually  yield  in  a  dlscoutlnuou/i  Banner  under  slov  rates  of 
strainlzig.  It  has  b-.^en  shuwu  that  the  euva  iiaterlals  when  subjected  to  rapid  load~ 
log  or  straining  yield  la  a  Banner  Indicating  relatively  large  tine  sensitivity. 
Steal  In  the  canmonly  used  foni  Is  one  of  these  BaterlsLlb,  and  therefore  its 
yielding  behavior  differs  considerably  rnwe  that  of  a  aaterlal  such  as  alualsun 
^6l-Ki. 

It  Is  a  characteristic  of  mild  and  low-alloy  sietls  that,  under  a  slow 
relatively  constant  rate  of  tifl  nal  uniaslai  etrainlaa  at  rocs  tcBperatures,  their 
resistance  goes  th'*ough  four  rather  arbitrary-  stages;  (1)  the  elastic  rrtnge  teraln- 
sting  in  (2;  nlcrostralulng  followed  by  the  developacnt  of  tha  uondltlou  of  (j) 
general  yielding  (in  which  the  level  of  rwelstance  is  a  function  walnly  of  the  rate 
of  straining)  which  in  turn  Is  followed  by  the  advent  ox  (U)  strain  hardening  and 
aabsequent  fracture.  The  four  stages  of  the  ccwlnal  lasletance-deforaatlon 
characteristics  of  these  lietals  are  quite  evideut  In  the  slow  straining  rate  teats, 
but,  of  course,  ere  no  less  present  in  tests  run  uzulcr  other  condltxoaa,  such  aa 
slow  constant  rate  of  Increase  in  nrarlual  stress.  Of  the  four  stages  sectiunsd, 
the  Biddle  two,  Bicrostralnlng  and  geiueral  yielding,  are  quite  tljnc  sensitive;  the 
elastic  range  Is  alsost.  Insensitive  to  tue;  and  the  rA.ige  beyond  the  CiTsaiencea^ent 
of  strain  hardening  is  only  slightly  tlae  sensitive. 

The  tla»  sensitivity  sssocleled  with  what  In  this  report  la  called  the 
ml  etc,  strain  lug  phenonjena  has  been  termed  the  "d«i!iyed  yield''  effect.  ■Phis  Is  per¬ 
haps  best  rc.vealed  under  tests  Involving  rapid  stressing  to  a  constant  stress  level 
such  as  were  performed  in  this  Investigation  using  the  20-kip  pulse  loading  machine. 


r’]. 

In  the  materials  studies  prcErnted  in  thic  n  port  the  time  delay  In  yleld'i  .;  i!i 
defined  arbitrarily  as  the  Interval  between  the  ttae  at  which  the  stress  fli'st 
reached  a  value  corresponding  to  th»’  lowest  upp<“r  yield  stress  obtained  tn  a  slow 
test,  and  the  time  at  which  yielding  had  becom*'  g»Ecraj.  enough  that  the  apparent 
Bodulus  (nominal  streas/nomlnal  strain)  had  dropped  to  about  2/7  £.  Delay  tlmo  no 
defined  has  engineering  algniflciu.te  In  that  It  Is  relates  at  one  end  to  a  stress 
level  high  enough  to  result  In  yielding  under  slow  loading  or  deforming  conditions, 
and  at  the  other  end  to  a  parantter  Involving  both  sf^ss  and  strain  which  has  an 
arbitrary  value  Indicative  of  nn  nmount  or  yielding  auliiclent  to  mark  the  begin¬ 
ning  of  gnnersi  yielding . 

The  rate  of  geonrai  yielding  effect  (ucualiy  tamed  somewhat  ambiguously 
the  strain  rate  effect)  Is  moat  evident  perhaps  In  teats  ptr^'oraed  at  various  con- 
ituit  rat--  of  nomlral  strain,  but  It  will  also  be  apparent,  of  course.  In  testa  In 
which  nominal  stress  rather  thsji  nomlnai  strain  le  the  factor  most  nearly  Inde¬ 
pendent  of  specimen  behavior.  <'>urh  1.  the  ca>e  in  the  “rapid  loading  to  constant 
stress  level’’  tests.  Altar  gencidi  yielding  ba-  t-.gun  (following  the  delay  in 
yielding  If  pr-s-nt)  ♦>.-  syecimon  ■-il.’  l-funB  at  a  rate  which  ie  dependent  upon  the 
stress  I-vel  being  sialntained  by  the  pi.-umatlc  loading  unit.  Slnre  the-  iisveral 
tests  are  run  at  different  coxn,tant  -'.rose  i-^vel-,  both  clei^od  yield  and  rate  of 
g-ncrei  yielding  Informatics  can  be  obtained  fres  a  single  test  series. 

for  BJst  mlla  •t-.cla  the  tranil'loc  bi-weer  the  general  yleldi:tg  condi¬ 
tion  (fiat  yield  region  is  the  con-tan',  rate  of  straining  test)  and  the  region  of 
strain  hardening  Is  somewhat  more  gradua.  than  that  between  the  other  stEgec.  (ff 
course,  thii  "gradualness''  Is  largely  depend  nt  upon  the  time  resolution  possible 
with  the  recording  techniuues  untd.)  Ib.e  t^-.stt  run  at  the  Unlversily  of  lUlnoia 


in  mild  and  ioii-ulloy  steels  indicate  that  for  a  particular  steel  the  tranaition 
'■eglns  at  about  the  rtre  total  strain  regardless  of  the  rates  Involved. 

In  a  rapid  test  to  a  constant  utreas  level  the  straining  fioaJl.}’  ceases 
tt  a  total  atraln  uhleh  usually  agrees  veil  vlth  that  correspoudlng  to  the  strain 
?bts.InQd  at  the  sane  nonloal  stress  under  ><lou  loadins  nr  ieforslsg  coBilltions. 

For  sietals  such  as  high -alloy  steely  structural  alirslhua,  etc.,  yileldlog 
under  slov  rates  of  stratnlng  Is  not  a  discontinuous  proceze.  and.  the  oenavlor 
under  rapid  loading  Is  not  as  tine  seucltive  as  Is  the  case  for  islld  steel.  Oils 
s  indicated  in  the  results  I'or  the  K£f,  USc  X'i,  and  bOhl-rh  siatcrlals. 

3.4.2  Results  of  Tensten  and  CoipreBaloD  Tests 

In  Fig.  20  Is  preset  ted  In  Uiree  liaaoslons  the  relation  between  a<oreee, 
strain,  and  tine  ae  obtained  froa  uniaxial  teats  of  )alld  eteel  Involving  alov  and 
'spid  lOiuUsg  to  constant  stress  levels.  In  this  reletlenvhl])  the  so>csdl*d 
:elaytfd  yield  luvd  rate  of  general  yielding  behavior  are  quite  evident.  Strasa- 
.raln  and  straln-tlsu)  relationships  repraeentative  of  the  F>aterlals  tested  are 
novn  In  Fig.  21.  13:c3C  contain  the  waste  Infomatlon  an  Is  shc-en  fur  oni  Katerlal 

Fig.  30.  The  information  whlih  la  preeented  l-i  theae  figures  la  absUacted  in 
•e  foum  of  delayed  yielding  and  raio  of  genert.  yielding  information  where  theae 
-lenosiena  were  present,  and  in  the  form  of  various  tinea  required  for  yielding  to 
-ogress  to  spv..fled  values  of  the  nominal  secant  modulus  (nominal  etrees/naalnal 
rain)  -rhsie  delayed  yielding  and  rate  of  general  yielding  behaviors  ware  not 
onounced.  In  Tables  u  are  presented  thaea  values  for  all  of  the  tests  which  were 
■rforned. 

The  delayed  yielding  and  rate  of  general  yielding  behavior  Is  preaented 
•pectively  in  Figs.  22,  23,  2*.  25,  and  26.  In  the  first  of  tJis  figures  of  each 
.  the  values  arc  preeunted  versus  the  ni-wlnal  stress,  *ad  In  the  second  rnd 
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tMnl,  fi.'reiis  a  struaa  pfireaueter  Involving,  In  the  cane  of  delayed  yielding  the 
Btatic  upper  yield  atreee,  and,  in  tht*  caae  of  rate  of  general  yielding,  the  lower 
yield  stress  obtained  under  a  rate  of  straining  rorr^ "ponding  to  opproxiraately 
10*^  la. /in. /sec.  Theso  basic  values  were  obtained  u.td.or  slow  etralnlnjf  of  the 
specimen  aaterluls  in  Citaforvance  with  AhIM  Specification  A570-btd',  and  therefore 
can  aerv<  as  »  basis  for  extrapolation  of  these  results  to  other  Biaterinla  which 
are  sliLll.vr  but  which  have  valur/j  of  upper  and  lower  yield  stress  different  froa 
these  obtie'.ued  in  thlu  Investigation. 

Thr^re  wa.:  little  uotlc'iabie'  dirftjv-nce  in  the  behavior  of  the  ss^terlale 
which  wei-e  tested  under  both  Initial  tenalon  and  Initial  caapression,  tliat  is, 

AhlM  A-2k2  sUmiI,  'J.IS  T-1  cteel.  a  fully-killed  did  steel,  and  bo6l-rb  alunlouo. 
If  the  ruacLer  wlahtia  to  aakr  further  cosparlcons,  he  nay  obtain  fron  Table  1  the 
infometion  coacei-nlng  the  type  of  test  and.  Inwe  both  Table  ^  and  .'Igs.  22  through 
2o  the  ret.irlts  which  were  obla-'oeu. 

5, b .  5  Resrltt.  of  Pi-»»]  Laliiarj'  Rev  rsed  Str«:gn  Titrts 

As  can  be  seen  fron  Table  ^u,  a  few  teats  were  perforsod  with  a  reversal 
of  loadlos  subsegui'.r.t  to  initial  teetlng.  The  naterlal  fro£  which  these  apeclsieus 
wer*  nade  was  the  Beeii-kilied  flHi-  stcr.k  u.;.!  for  the  2>hFA  ceclea,  and  the  W 
series  flexure  tests  described  in  .Se.rtlon  "  of  this  report.  The  dlneasloas  of  the 
prellMinari'  Btress  rcvrrsiu  spe r iJW.'n .= ,  the  spc-lnen  prollie,  and  the  Banner  of 
attachneut  to  the  testing  apparatus  are  shovn  In  Fig.  12.  There  were  several  dio- 
udvontages  In  th‘^  use  of  this  typt'  of  .speclsjeo,  naoely,  attaebnent  of  tha 
exteascaietj^r  to  dipitsc-ions  punched  Into  the  surface  of  the  specimen,  the  non- 
uni  forai  diaiLt!ter  Of  the  epcciai-fl,  and  the  relative  dlfldculty  of  attaining  axlaldty 
of  thfc  load,  dowever,  tf-t  reaulte  are  ri=?vert4i'lt,L:.c  lnt.eredtir.g,  aa  cen  be  seen 
from  Figs.  28  through  50. 


Iti  Fig.  27  the  rflatlkn  betveen  the  upper  yield  stresQ  paraaeter  and  the 
secant  oodulus  (ooialnal  stress/nnr.lnal  stralc)  for  the  slow  loading  tests  la  shuvn. 
These  curves  Indicate  that  yielding  vaa  rather  gradual  In  these  specimens  and  began 
at  a  stress  vbich  was  coosiderably  lon^r  than  that  which  was  arbitrarily  '^ced  as 
the  upner  yield  stress  of  the  material.  In  Fig.  20  is  shown  the  effect  of  reversal 
of  loading  following  slow  ylciolng.  This  is  the  so-called  Sauschlngsr  effect;  the 
feet  that  after  having  tsien  yielded  in  one  direction,  aubsaquent  reversal  without 
aging  will  produce  aJoost  iaaedlate  inelastic  'lehavlor  at  relatively  Ibv  stralu 
wich  no  av.'dance  of  an  upper-lower  yield  behavior. 

-he  i-esults  which  were  obtained  in  tna  four  rapid  stress  reversal  tests 
are  ahown  In  Fig.  29  la  the  form  of  stiala-tlme  relationships.  In  these  tests  a 
reversal  of  loading  was  spiled  within  a  minute  or  so  of  release  of  loading  follow¬ 
ing  yielding  in  the  direction  in  which  the  loading  was  Initially  applied  rapidly. 
Therefore,  these  were  not  rapid  In  the  sense  that  the  entire  stress-time  relation¬ 
ship  Including  reversal  Was  hBp<}'.«d  within  a  very  short  period  of  time,  however, 
the  change  of  stress  from  the  Initial  x«ro  level  to  the  constant  stress  levels 
indicated  In  the  figures  va)  rapid.  Agsdn  a  behavior  which  could  be  called  the 
Bausch-nger  effect  in  rapid  i.vsding  lu  evident  in  that  no  delay  In  yielding  was 
appare.nt  tpon  reversal  of  loading  In  a  direction  opposite  to  that  used  in  Initial 
yielding. 

Because  cf  the  aon-unlfom  olameter  of  the  specisien  profile  used  in  these 
prtiiminfury  reversed  leading  t- sis  and  the  cons-^qvient  difficulty  in  relating  ejtten- 
sc»etcr  deformation  t  unit  strain,  nu  attempt  was  made  to  Interpi'et  the  results  of 
the  rapid  rt.v-;r.if;i  InadlT.g  experimsnts  in  the  form  of  rate  of  general  yielding 


information. 
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In  another  aeries  of  Etress  reversal  tests,  an  initial  slow  loading  to  a 
level  below  that  whlnh  wmili  cause  general  yielding  was  followed  by  a  rapid  reversal 
of  loading  to  a  level  sufficient  to  cause  yielding.  As  can  be  seen  from  Figs.  30, 
a  delay  In  yielding  was  obtained  In  all  of  these  tests,  and  this  delay  agreed  well 
with  the  delay  times  obtained  in  the  loadings  of  virgin  material,  in  the  previously 
mentioned  rapid  tests. 

5. 5  Si-^^ry  qC  Recultn  for  UnleoiltLl  Sui-esa  Tests 

5.5*1  Summary  of  SesuJts 

results  of  the  slow  and  rapid  uniaxial  stress  tests  which  were  per¬ 
formed  on  many  loaterialr.  In  Initial  tension  and  iDltlal  cuBipre'«siou,  and  on  one 
material  In  coaiplete  c-tresa  reversal,  have  been  presented  in  the  form  of  tabulated 
reeults  In  Tab.'e  5  and  In  the"’  various  figures  mentioned  previously.  In  general, 
terms  the  results  can  be  suomarlzed  as  follows. 

(1)  metals  tested  which  exhibited  a  pronounced  upper-lower  yiald 
point  behavior  under  condltiuxts  of  slow  straining,  and  had  stress-strain  relation¬ 
ships  with  diacontinuitiea  in  slope,  also  exhibited  the  time  sensitive  behaviors 
tacmad  delayed  yielding  and  rate  of  general  yielding  (defined  uarrler  in  this 
report) . 

(2)  In  the  only  tests  In  which  the  rise  times  of  rapid  loadings  were 
varisd  (from  O.CO6  see-  to  C.5  sec),  the  comparisons  of  delay  time  ec-  defined  by  a 
stress  paromstMr  involving  the  upper  yield  poln'  Inlicatel  no  particular  sensi¬ 
tivity  to  the  rise  time  of  loading  within  the  limits  liulicated  above.  'Hris  result 
can  probably  be  attributed  to  the  manner  in  which  the  elspred  time  to  general  yield¬ 
ing  was  aibltrarlly  defined  (the  interval  between  the  time  at  which  the  stress 
first  reached  the  i'ioittiii«il  static  upps-r  yield  strose.  level  and  that,  at  which  general 


yielding  occurred  as  Indicated  by  a  value  of  atress/straln  equal  to  30  x  10 
psi). 

(3)  Within  the  range  of  rapidity  of  ■polled,  that  is,  rise 

tines  greater  than  O.OOn  seconds,  the  value  of  foung’s  nodulua  van  constant.  The 
so-called  strain  hardening  region  also  vas  relatively  InJeualtive  to  tisie  effeetj. 
The  ziajor  tlae  sensitivity  vas  associated  with  initial  yielding  and  subsequent 
general  yielding,  the  so-called  dfilayed  yielding  and  rate  of  genwral  yielding 
behaviors  aentloned  previously.  Kor  the  high  strength  alloys  of  steel,  and  for 
b06l-x6  alualnuB  for  which  atatlc  strsas-straln  rclntlanshlps  having  no  discontin¬ 
uity  of  slope  were  obtained,  n.}  delayed  yielding  or  rate  of  general  yielding 
behavior  was  evident. 

(h)  Tbs  rasults  of  the  ver?  few  prclialnary  experiments  In  slow  and 
rapid  rev.trsnl  of  loading  Indicate  that  the  ao-called  lAauschlnger  effect  which  la 
canaonly  obaerved  in  alow  reversal  of  Stress,  Is  also  present  in  cases  Involving 
rapid  stress  reversal  with  a  consequent  absence  of  delayed  yield  behavior  coMtonly 
found  In  virgin  aaterial.  Because  of  the  type  of  specimen  used  In  these  prelim¬ 
inary  studies,  no  conclusions  could  be  reached  regarding  the  rete  of  general 
yielding  behavior. 

3.3.2  f?>-rigrBl  Blgnificance  of  Rf.Kult^ 

Ai.  can  be  a&m  from  the  results  dfcocrlbed  above,  the  increased  resistance 
which  results  froai  the  time  sensitive  U-haviors  of  mild  steel  arbitrarily  termed 
the  deieyei  yi'lding  and  rate  of  generai  yielding  pnenoaiferi  can  approach  values 
50  per  ctnt  greater  than  the  r^aiaal  ydeld  values  eveu  foi-  the  relatively  sloir 
rates  of  straining  which  may  be  created  in  frame  type  civil  engineering  atructureo 
in  which  the  ectusi  deformation  of  the  major  structural  eleme.ita  results  from  ti'ans- 
fer  of  air  blast  or  earthquake  sjiock  loading  through  the  supports  or  outer  shell. 
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In  the  case  of  many  ship  ctructureB  in  which  blast  loading  is  eyppllcd  directly, 
such  as  hull  plating  subjected  to  underwater  explosion,  the  actual  rates  ol'  Strain¬ 
ing  can  'oe  aany  tiacs  greater  than  1  In./iD./^cc.  In  these  cases  it  is  to  be 
expected  that  resistances  at  least  as  ?re».*  as  the  ncm'.ral  static  vJtlnhts  3t:jragth 
aay  be  obtained  without  yielding  or  asy  b^  supported  by  the  rate  of  deforsiatlon. 
Therefore,  nstiaates  u*  the  lesponse  of  these  structural  elcsonts  based  upon  noMloal 
resiatamies  derived  frca  static  yield  values  wltn  no  increase  for  the  tliaa  sensitive 
offerts  will  be  very  greatly  in  error.  (The  error,  however,  will  be  on  the  aafe  side 
'.tlius  Vrlttle  fract'.u'e  or  fatigue  is  a  conslderstl  on. } 


4,  bixsw  ANC  RAPID  F]£XURK  TESTS 
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4.1  Ini  roductlpti 

Stinictural  cotipoaeuta  usdcrgolDti  flexure  such  as  Descs,  plates,  and 
colvsans,  are  najor  eleteiile  of  alaaet  any  structure.  TtcrTfoi'c,  It  lo  logical, 
cu>  an  Intermediate  atep  between  the  uniaxial  streaa  investigation  and  application 
o'  these  renuiT.a  tu  ihe  behavior  :f  large  full- site  structures,  Uu>t  flexural 
stress  studies  made  of  the  soar  »i*t' rials  which  were  tested  under  uniaxial 
stress  conditions.  3ueh  an  investigation  is  described  in  this  section  of  the 
report. 

In  all,  three  sett  of  specimens  '.^re  tested.  TSitte  InciudsU  a  prelial- 
nary  series,  BF,  made  from  the  acmi-killed  plate  stock,  designated  SPA  and  PS,  a 
series,  BK,  made  from  fully>klll«d  etael  K,  and  a  less  coopleUily  Instruaented 
■ecles,  BL,  made  from  tOdl-Tb  altaiiiusii  h. 

Each  the  scries  was  composed  of  fou>'  specimcni  ,  oc.e  of  which  was 
subjected  to  a  rlcw  lua^Ung,  while  the  other  three  were  tested  under  rspld  loading 
to  a  constant  levj.. 

Since  the  materials  from  which  the  flexure  upeclmeus  were  composed  was 
aluu  cested  unite''  cohditiu..c  of  uniaxial  stress,  a  correlation  of  the  two  atra'^s 
condition-  'un-  uttivur,i<-d- 

Tlie  p’,rTv,^p  .-jr  this  Fcc^tor,  of  the  report  is  to  deBcrltx.-  these  flexure 
tents,  ‘.re  cordltions  under  which  they  were  run,  the  results  and  their  engineering 
signiricfuirc 

4.2  Descrlptl-'.  '.  of  the  Plexurf.  Testing  Ssries 

4.2.1  Pt  ccriptlon  of  Flexure- EptClmena 

Th>'  flexure  bpeclnenr,  in  all  cs-es  were  ususll  beams  of  rectanejuiar 
section  approAlmately  24  in.  long.  The  depth  of  the  section  was  very  close  to 
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2  In.,  while  the  thickness  or  width  varied  froo:  appioxiiuately  2/3  In.  to  approxl- 
loatwly  7/8  In.  The  Bpeolmeno  were  hand-sawed  from  the  parent  plate,  then  machined 
In  a  shaper  to  very  near  the  final  dimensions.  Following  this,  the  outer  surfaces 
CX  the  speclsiea  were  drav-flled  and  hand  polished  to  the  final  dimensions.  All  of 
the  siaterlala  were  tested  In  thii  ar-rolled  condition,  and  the  only  treatment  of  any 
sort  that  they  received  other  then  normal  hmdlln^  was  that  durln^j  the  application 
of  SK-h  fte^er.  they  mair  have  been  subjected  to  prolon^jed  heat  of  no  more  than  iSo 
degrees  7. 

h , 2 . J  Material  Propcrtlcc  lAider  Uniaxial  Stress 

As  was  mentioned  in  the  Introduction  of  this  section,  uniaxial  streaa 
testa  were  made  of  the  luterlals  from  which  the  flexure  speclsutne  were  composed. 

The  utrese-stralu  relatlonahlpo,  typical  of  those  which  were  ohtaliusd  for  these 
materials  are  shown  In  Figs.  >ho,  ibi,  and  3hg.  In  addition  to  these  results,  the 
delayed  yield  behavior  and  the  rate  of  general  yielding  behavior  of  the  two  aUld 
steels  are  shewn  in  Figs.  3bb,  3bc,  yse,  and  38f. 

b.  3  DewcrlpMon  of  the  Testing  Procedures 

b.3. 1  Flexure  Testing  Arrangement 

Both  the  slow  and  rapid  loading  tj>nta  were  performed  In  the  ajiparatun 
shown  in  Fig.  32-  This  Is  an  attachment  designed  spcrlflrally  to  adopt  ttu:  20-klp 
pulbe  leading  unit  for  these  flexure  ten’s.  The  loads  are  applied  to  the  urideraide 
of  th.>  beam  at  the  thlrd-polntc,  thereby  deforming  the  beam  upward  as  is  shown  in 
the  flguivi.  The  only  feature  cf  the  testing  arrangement  that  moy  not  be  c.I.ear  from 
the  piv>togrsphs  Is  the  end  reaction  system.  The  major  bearings  In  the  arrangement 
are  roller  bearing  assemblies  which  are  attached  to  the  m  chine  frame  by  means  of 
pltio  fixed  on  a  20-ln.  span.  The  reaction  of  the  beam  ends  is  tr»namltted  to  the 
outer  race  of  'ihe  roller-bearing  aocembly  through  plates  viiich  are  claaped  tc  the 
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top  and  bottoni  of  the  oeasis  by  the  bolto  vhioh  are  apparent  in  the  figure.  This 
eft'l-reaction  arrangeiuent  permits  both  translation  and  rotation  at  each  end  of  the 
bcs3  with  the  span  length  remaining  fixed  at  20  in.  In  other  words,  a  change  in 
length  of  the  center  line  of  the  beam  occurs  during  a  test  as  the  beam  ends  rotate 
acd  the  beasi  atfOiWs  upward. 

The  loads  which  were  applied  to  the  specimen  Wei's  measured  by  veeuis  of 
the  two  dynamometers  visible  In  Fig-  32.  The  crossbar  whl>'h  enn  be  sacn  in  the 
photograpns  was  provided  to  prevent  flexure  in  the  dynamcsuitcra. 

“•3.2  flexure  Tett  liietrumentatton 

In  these  experlsieut*  messursDents  were  made  of  the  loads  applied  at  the 
thlrd-poliitb  of  the  beam,  the  acceleration  of  these  loading  polnt.a  (except  In  the 
case  of  the  aliaiuun  specineof),  the  deflections  at  the  vhlltd'points  and  at  the 
center  of  the  pore  flexure  region,  and  the  strains  on  the  outer  fibers  of  the  bcsai 
in  the  region  of  pure  flexurt .  The  relative  loentlous  of  the  loading  points  and 
tl.e  regions  of  strain  s^snuruDcnt  ore  nbown  in  Fig.  y*. 

All  phenosiei.a  were  recoriir-d  Cn  Hathaway  msgru-tic  oscillographs  of  the 
type  mentlontd  in  SecM_ii  3- 3- 1-  Th"  S8-**  gages  used  to  mesmurc  th«  outer  fiber 
strains  on  the  speclss.n,  and  as  the  rrhnsducir.g  elements  in  the  dyriiansieters,  were 
coimected  into  four-S’.ta  bridge  clrcu.its  as  shown  in  Fig.  3^.  The  accaleratlons 
were  meacured  by  moans  of  an  AMh-20A  Hathaway  sccelerop'c**’-  It  xnu  fsntened  to 
tne  side  of  the  loading  beam  as  is  t-vldf-nt  In  Hg.  32.  The  deflections  were 
measured  by  meanu  of  the  alid>  wire  ^agee  shown  In  the  over-all  view  of  the  testing 
arrargfaaent .  Tne  circuitry  of  the  deflection  sseasurlng  system  is  shown  in  Fig.  35. 

Since  two  Ituli  pendent  oscillographs  were  used  for  each  test  an  Jnter- 
loclting  tlialr^  system  was  necestaiy  to  p«;nait  correlation  of  the  records.  A  tiailng. 
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signal  of  300  cpa  vaa  recorded  by  one  gulvanosieter  in  each  oscll'ogr^h  and  the 
Interlock  vae  p-ovided  by  n  switch  driven  nechunlcally. 

k .  5. 5  Description  of  Flexure  Teiita 

As  was  mentioned  In  the  introductory  remarks >  there  were  three  series 
of  flexure  tests.  The  first  of  these  was  mare  or  less  preliminary  in  nature  and, 
because  of  evident  dlBcrena,ir'lea,  the  rceulte  are  soaewhat  questionable,  nils 
preliminary  series,  which  lias  been  designated  KF,  was  cosg>osid  of  four  tests,  me 
first  of  these  was  run  at  a  slow  loading  rate  In  the  20>1l1p  pulse  losullng  machine. 
In  the  other  three,  the  luadlugu  werr  applied  In  approx laately  S  milliseconds  after 
whllih  a  constant  level  was  maintained  until  yielding  hsd  virtually  ceased,  men 
the  loading  w«>s  relent  ad. 

The  second  series  designated  bK,  was  tested  using  slightly  different 
Instruswatatlon.  In  on  attempt  to  determine  whether  or  not  tbs  dlstrlbutlos  of 
strain  throughout  the  depth  of  the  biam  section  was  llaeer,  &R'4  gages  were 
attached  to  the  sides  of  the  speclsihn  at  four  depths  through  each  half-depth  of 
the  besa.  These  gages  may  be  clea.'iy  seen  In  Fig.  53>  In  addition,  the  curvatures 
In  the  region  of  pure  flexure  were  daterclnsd  for  large  daformstlons  by  meociS  of 
spring  steel  curvature  gages  using  SR-1^  gegeh  an  the  trcnsduclng  elements.  These 
were  attached  to  the  nomlsml  center  line  of  the  beam  on  each  aide  as  is  Sshows  in 
Fig.  33.  A  different  sensitivity  was  used  In  each  of  the  two  recording  channels 
attached  to  the  sprlcg-steel  curvature  gages,  so  that  the  entire  raige  of  curvature 
was  adequately  defined.  Deflection*  were  meeisureti  only  at  the  loading  points  In 
this  particular  Berle*  of  tests.  .Agtiln,  an  la  the  preliminary  tcDtlag  aeries,  BF, 
the  first  test  was  performed  at  a  slow  rate.  However,  In  this  BK  series  the  straua 
was  controlled  by  means  of  a  hydraulic  Jack  attached  to  the  lover  end  of  the  <X3-klp 
pul.se  loading  unit  piston  rod.  This  strain  control  resulted  In  a  reasonably 
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constant  rate  of  defonaatlon  tliroughcut  the  duration  of  the  teat.  The  other  thiee 
apecimene  of  the  BK  eerlea  were  tested  vith  n  load  rapidly  t^iplied  to  a  constant 
level.  Three  oifferent  levelu  of  loads  vare  used  so  that  a  range  of  possible 
delayed  yield  behavior  and  rate  of  general  yleldli.g  behavior  could  be  detemlned. 
Because  of  f&ulty  fliu  advsnse  din-lug  the  teat  ui  BiCa,  the  reeoz-da  for  this  speci¬ 
men  were  lost. 

The  last  aerlea  of  fleaure  apechsiini  was  composed  of  6O61-T6  aluainiM. 
The  Instriaentatlon  of  this  pairtlcular  tasting  series  Includnd  seasurtBent  of  the 
'oads  at  the  UUrd-polnta,  the  deflactlona  at  tha  loading  polntSi  the  strain  of 
the  top  and  bottom  flbera  In  tha  region  of  pure  flaxura,  and  the  curvature  In  this 
aame  region.  Ae  vlth  toe  other  testing  series,  one  test  was  performed  slowly  and 
the  other  three  rapldlv. 

Hesuite  of  riexure  Taste 

J*.'*.l  Experimental  feaulte  of  Flexure  Te.ste 

The  data  recorded  In  tha  three  eerlae  of  flexure  tasis  are  prasentad  in 
figk.  37,  3(3,  and  39<  Tha  valuas  of  and  for  tha  flaaural  tpaclma'Ui  are 
given  in  figi.  Urn.,  3^,  and  3^.  Ratm  of  curvaturs-Ume  ralatlonahlps  for  the 
rapid  taste  are  also  Inuludad  since  this  information  was  obtained  for  use  in 
computing  the  rsalstlng  moments  for  tha  sections. 

It  was  planned  to  determina  the  resistance  of  a  glvwu  ucioi  by  subtracting 
tha  la'.r'-la  force  as  obtained  from  acceleration  uaaeurmuente  s.t  the  loading  point 
(and  an  a6suii.:i.  effective  mass  of  the  bees  apeciasn  systaa)  from  the  applied  loud. 
Howeve.-,  the  acceleration  traces  were  not  dlatlngulsbable  In  the  region  of  Initial 
lothiug.  Therefore,  the  reals tansas  -.'orv  ussiaed  to  be  the  sane  as  the  applied 
loud.  The  iflio.ljsvsa  error  resulting  from  this  acprnxlnstlon  is  estimated  to  be  less 
than  2  per  cent.  Of  courae,  for  large  deflections  of  the  beam,  a  correction  wee 
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applied  In  detemlnln^j  resisting  momenl  I'rQB  the  loads  measured  nt  the  thlrd*points 
ol’  the  beam. 

The  previously  .hentloned  correction  of  resisting  leoacnt  due  to  large 
deflections  van  oaie  with  the  use  of  the  loading  point  deflection  ga^je  Information, 
in'  muisent  ana  betveen  the  reaction  and  the  loading  point  «as  increased  by  the 
factor  secant  (ton*^  04/6.67);  the  reaction  van  taken  as  the  dyntnoueter  reeding, 
a  vertical  force,  Increased  by  the  same  factor  sluea  the  crossbar  betveen  the 
dynauuBusters  produced  a  horip^ntid  cerponent  of  'tree  acting  at  the  loading  points; 
and  the  moeirat  am  was  decreased  by  the  factor  tangent  ^b.6’1'*’ since  the  loads  were 
applied  half  the  beam  depth,  or  more,  from  the  longitudinal  centerline  of  the 
•peclaiaa.  Actually,  a  more  correct  value  for  this  latter  factor  was  1,3  tises 
^vigtnt  Ci/C.CiT'  to  account  for  the  thlchncas  of  the  loading  blocks  and  the  roller 
diameter.  TMe  larger  ccrrectlon  would  have  decreased  the  indicated  measured 
Values  0*  resisting  maaieat  ratio  beyond  ct/ci^  ■  30  an  additional  b  to  6  per  cent 
with  reapt'Ct  to  what  la  now  ahown  in  Klgs.  hOa,  hla,  and  hSs, 

Of  primary  interest  to  those  concerned  with  the  engineering  behavior  of 
materials  subjected  to  fleaure  are  the  results  presented  in  Figs,  ho,  4l,  and 
These  are  the  relations  between  resisting  and  curvature  sbtuined  tar  the 

specimens  tested.  At  any  curvature  the  resistance  obtained  for  the  steel  specimsns 
tested  rapidly  was  considerably  larger  than  that  obtaiueu  fur  the  companion  apeci> 
mens  tested  slowly.  This  Indlcat^’s  that  there  is  a  time  sensitivity  associated 
with  the  behavior  of  mild  steel  in  flexure. 

In  an  earlier  part  of  this  repr^rt.  Section  <+.3,3,  It  was  mentioned  that 
the  results  of  the  RF  Series  sere  soH^whst  qiscstionabie  since  dlBurepancles  were 
evident  In  the  magnitnies  of  the  mefasured  resletlng  assent.".  Tht-a'i  iseasurea  v’alues 
were  toe  high  in  the  three-  regions  which  can  be  ueed  for  checking  the  data  in  both 
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slov  and  rapid  tesr.s;  i.e.,  the  elaatlc  re5.',on  {a/a  <  1)  where  H/H^  «  Ct/a  .  the 

general  yield  reginn  (l  <  a/a^<  lO)  where  M/M^  a>,proacnes  1,5,  ana  uia  mtlaate 

region  (a/a  S  80  for  Scries  W  and  BK)  where  H/Vi  «  1-5  o'/rf  ■  2.9  in  thaae 

e  e  Bi  xy  , 

cases.  Re-exoaiioatlon  of  the  orlgirial  data  indicated  that  the  load  values  assigned 
to  the  Calibration  shfint  resistor  used  with  both  cii  the  dynanoaeter  channels  did 
not  correspond  to  the  load  eQulvalencea  of  the  dynsDOiietera  at  dynaaosirter  strains 
equal  to  the  apparent  strain  output  of  the  shunt  I'nsistor.  Siis  whack  Indicated 
that  the  loac  equivalence  of  the  ahunc  resistor  was  83  to  91  per  ce.it  of  the  Ohvat 
value  used  originally  In  reduclnf  tha  data.  Tou  original  data  ware  tharofora 
reduced  by  a  factor  of  0.91.  adluat<^  data,  shown.  In  Figs.  TTa  and  37e,  were 

used  for  all  subsaquant  custputstiij,-.;  pertaining  to  this  tast  aarles.  Since  this 
change  cannot  be  substaiitiatad,  except  Vy  noting  tha  i‘ossonable  agreunt  In  tiM 
tnree  regions  of  curvature  as  datalXad  above,  the  BF  ISerias  results  must  be  coital* 
lered  qucstiouablu. 

The  aaatured  reelataocee  of  the  rspidly  loided  Bk  apeclMos,  Fig. 
indicate  that  for  toe  particular  rise  tt«sw  of  load  l,w  to  10  isliUseooada)  pos/slble 
with  the  nachlna-speclsiaa  systea  used,  sn  >(rjpr.<-  Unit  of  resistance  was  obtaiJoad, 
at  least  until  the  work  bardaolng  range  of  curvatures  was  entered.  Speeijuu,  BK*3 
wse  subjected  to  a  potential  load  come  JO  per  cent  greater  than  van  Sk*2,  yet  only 
It  a  curvature  ratio  r>r  about  ho  could  speclsen  BK-J  pi-cvldc  sufficient  roslstanua 
‘o  oppose  the  ft'ng  force. 

Hlid  steel  beato  w«;rt  deflnlc-iy  tine  senBltlve>  but,  Uie  rcsultw  of  the 
.-apld  flexure  tes*-  of  the  hh  series  InoUcaced  that  there  was  little,  11'  any,  tisie 
eniiltlve  behavior  of  the  bIuilIqjd  teoDers  .tubjected  to  flexure.  The  resisting 
lomurt  -  curvature  iclationahlp  for  ?pecl»en  B.' -h  lo  the  only  Indication  of  lat 
increase  In  resistance  with  the  rapidity  of  dcfoncstion  of  an  alanlnua  beam. 
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HowKver,  thlt  n-siUt  id  qu-  .-t  lonubli-  -Inci  t.he  mtatiurcd  reslsteuice  did  not  agree 
ae  veil  wlti;  tbeory  as  could  1>  txpecUd  in  the  elastic  region;  an  indication  of 
po<">iblr  innccuraclt'S  in  isess.u-ement,  31nc'  aluminum  coupons  stressed  unlaxlally 
(lid  not  exhibit  a  tlsu.  dependent  behavior,  the  lack  of  ''lACb  bshaviur  in  aluminum 
i'lexurai  specimens  vas  expertvd. 

t.k.a  Correlation  Stud./ 

An  attempt  van  nadt  to  correlate  ttr  behavior  of  these  sstall  mild  steel 
beams  under  flexure  with  the  kzvovr.  uniaxial  streevs  properties  of  the  materials  from 
whitb  the  beasM  were  siade.  In  the  cc  "relation  astociaUid  with  the  lire]  ixiloary  series 
El',  it  vas  Dsceasary  to  assume  that  the  dletributlou  of  strain  vas  linear  tfutiughout 
the  depth  of  the  beam  section  and  that  *he  material  behaved  the  same  in  both  teh- 
eiua  and  compression.  For  the  next  scries,  'Si.,  it  had  been  dateraiasd  that  these 
asstaptloot.  vem  valid.  Thcr<'forc,  proceeding  frou  the  measured  strains  of  the 
beasut,  the  r^sistaiices  in  the  r<"g'oi>  of  pur*-  flexure  were  cosyiutcd  using  the 
measured  valias  of  the  instantar.cous  strains  and  the  knovn  delsyed  I'ielding  and 
rate  of  general  ylriding  bel-avlon.  of  thn  materials  frosi  which  the  baasui  were  made, 
ftlu:  procedure  used  for  araly7.1[.g  the  rxplC.iy  loaded  sp^cisusus  is  described  in  the 
Appendix.)  In  the  caav^  of  fh.r  eiowiy  d'  fora.-.d  sp^claeuo,  BF-1,  BK-'.,  aul  1U,-1,  the 
maturlal  stress-strain  curvvs  as  detemin^.d  from  slow  etrainlng  coupon  tests  were 
used  logt'lier  with  the  meai>ur»-d  t’raiii.  of  ti:»  beamc. 

The  icbults  of  the  cor:-».la’ ic.1  Biiulii.B  are  showi.  in  Figs.  1*0,  hi,  and  ho. 
The  sstasured  nxietanr'  of  BF*i  g'.tcr&jjy  'rxcxdfd  ’.r-  computed  rcslstanos,  but, 
the  opposite  Vie  true  for  Bpx'lf;;;  BK-i.  The  failure  of  measured  resistance  to  I* 
as  great  as  computed  reblstsrf.  b-r  been  noted  by  other  investigators  of  the 
Inelastic  behavior  of  mercbe.'n.  Ti;e  dlvcrepturoy  ha:  been  blamed  in  part  on  the 
severe-  stress  conct ntratlons  airsociated  with  the  application  of  concentrated  loads 


t..'  the  epoclmons.  The  t^asureh  reaistaace  curves  for  speclaiens  BK-1  «u)d  BL-1 
exhibit  &  rising  choTBCterletic  at  large  curvatures  vhlch  probably  resulted  froB 
an  Inadequate  correction  Tor  large  deTlectlonr. 

Figures  hO  and  4l  show  tha  correlation^  correct  to  within  0  to  1^ 
per  cent,  for  the  rapidly  luoued  speciBeoh  when  their  realstance  la  Cidn^uteu  using 
the  time's  train,  rat*  procedure.  It  be  noted  that  tiro  use  of  strain 

rata  InforBatlon  alone  waa  Insui'flclent  to  predict  the  naslaw  rcalstauce  of  the 
•pu  clmen  before  major  yitldlng  begun,  but  that  thla  daflclency  was  aatisfled  by 
the  inclusion  ot  di;l>t>'  tise  consldarntiona.  Since  no  uniaxial  time  dependant 
prupertics  of  these  aaterlals  daTormod  Into  the  range  of  alraln  hardening  were 
deteimlned,  the  correlation  was  continued  with  respect  to  curvature  ua^ig  only  the 
available  rate  of  general  yluldlcg  data  until  the  rate  of  curvatura  appmachad 
zero.  At  this  limit,  the  axistlng  rcsistlsg  stress  Is  uieoreticatly  and  the 
reslallog  uveuf't  is  l.y  Actualxy,  the  beasut  had  a  much  greater  moment  resist* 
ing  capacity  than  these  computations  Indicate,  bacauss  the  geometry  of  the  specimen 
permitted  strain  Ls'deitlng  without  local  buohllng. 

The  sosyiutatiuos  of  the  fltxural  realstancu  of  the  rapidly  loaded  bamas 
described  in  this  report  agreed  within  an  avarage  of  about  10  per  cent  with  the 
measured  resistance.  However,  the  method  oT  analysis  presi'^ppoxes  tht  awallahlUty 
of  the  deforsmtloii'time  function  for  tha  beam.  In  a  practical  problca  the  resist¬ 
ance  and  defonaation  funct.'.ons,  which  are  Icterrelcted,  are  Inltialiy  set 
arbitrurliy  before  proccedlcg  with  the  aolutiou.  Three  hoaiaor  assumptions  for  beam 
rehlbtu;u;t  nj  a  rur.':tlo.u  of  diepiaceijeht  are  in  Fig.  tj.  These  are  the 

following;  (i;  a  reifictanc*  derived  frcui  s  stic  ks  fcloch  (sotlng  at  any  cross- 
sfcctlor.  of  tne  mjjibcr)  which  is  the  elarto-plvctlc  etress-strain  curve  for  the  beam 
eatti-ialj  (?)  rn  elaato-pIa;;tlc  rtsistancs  function  with  an  initial  elastic  slope 
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cuatiaued  to  the  plastic  ocueut  ratio  of  H/h^  ■  1>3/  (3)  an  elasto-plastlc 
resistance  function  with  the  initial  elastic  slope  continued  to  a  plastic  MOBSUt 
ratio  of  soBethlnjt  greater  than  1.5  to  account  for  the  d^aalc  effects. 

If  the  seasured  resistance  or  the  rsmiiiiy  loaded  aild  steel  haaas  is 
interpreted  in  tanM  of  the  arbitrary  reaistance  functions  described  ehove^  the 
third  aathod  vould  aoet  ede^uetely  predict  the  observed  behevior  if  the  fully 
plestie  resistance  is  1tir penned  by  60  per  cent  for  fir-2  end.  tO  per  cent  for  fi7-3 
(prsbshly  high  due  to  the  tuestlonebly  high  dyssaesMter  data),  und  bO  per  cent  for 
BK-2  and  EK-3. 

*.5  Siieeary  of  Reaults  of  rierure  ?^sts 

h.5,1  BuiMun'  of  fissults 

Ihe  aajor  purpose  of  the  fUihire  teete  was  to  deteimlaa  whatsar  or  not 
tha  raalataaoa  of  astarial  in  flaxura  oould  ba  corralstad  with  tha  straas <s train- 
tlaa  Infonation  obtalnad  iu  slow  and  rapid  unissial  stroes  tasts.  Zbarefora, 
the  raaults  of  tha  flasure  testa  are  intarpreted  in  such  e  aenner  that  this  ocapar- 
ison  ie  relatively  siaple.  Basic  data  which  arc  rapresentative  of  eLow  acA  rapid 
tests  of  aech  of  tha  thraa  aatariale  tastad  are  shown  in  rigs.  3^.  In  nguree  bOa, 
blsj  sad  b2a  aBstast  currat^  rclationahips  obteinad  trm  all  of  tha  flexure  taats 
era  shown. 

da  was  aentiuoad  earlier,  the  aejor  purpose  of  the  flexure  tests  uaa  to 
dstsxalne  whsther  or  not  the  behavior  of  aatnrlaU  when,  subjected  to  slow  end  rapid 
flsxure  could,  be  correlated  wltli  th>n  hebavior  (as  obtained  froa  alow  and  rapid 
uniaxial  stress  teats)  of  the  aeterials  froa  which  the  bessis  were  sndc.  therafura, 
tha  siajor  result  of  the  flexural  test  InvestigsUon  is  the  coaparlson  of  been 
r(48lstsnces  as  determined  from  sieaaiu^d  deformations  of  the  beast  speclswns  and 
knowledge  of  sisterial  properties  with  the  behavior  of  the  besas  as  neasured  directly 
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in  ea£h  teat.  Tliese  Cioftaflsoon  are  sliovn  for  each  apecisien  iu  yi£a .  UO,  ^1,  and 
^2,  ia  which  la  nreserited  (1)  the  neaaured  nunent  curvature  relatlonahipn,  (S)  the 
momeDt  curvature  relatloaahlp  detezminad  uaii^i  neahured  defonaatioc  of  the  bean  and 
material  propertlea  determined  A:iod  aXsw  wid  rapid  uniaxial  atrase  taatx.  aivd  (}) 
the  motient  curvature  relationship  repreaentl&c  the  elaato-plaatlc  atrain  ralatlon- 
chtp  whico  oaat  repreaente  the  haaic  atrece-etrain  relationship  o*  the  apechcen 
material  aa  obtained  with  olow  straining  rataa.  Side  cceparlaou  indicates  that  the 
behavior  of  the  material  under  flexure  can  he  uxplalnad  vithiu  leaa  than  10  per  cent 
error  hy  cohslderation  of  material  properti^va  iia  obtained  in  uniaxial  etreaa  teste. 
QUa  axplanaticm  la  in  alsoat  all  cases  more  accurate  than  the  used  elaato- 

plaatlc  asauaptlon. 

h,b.2  Slgalflcaiicg  cf  ReWiUta 

XbM  results  of  toe  flaxure  teats  have  been  souralated  (within  reaiooahle 
limits)  with  the  wituxiai  stream  propertlea  of  the  material  fnm  which  the  beans 
Were  made.  This  indicates  that  it  atu>uld  bs  ps^uslhlc  to  progrese  Irom  the  current 
knowledge  sf  the  behavior  of  ttructurel  metala  under  alow  and  lapid  uniaxial  strusa 
to  an  empianstlcn  of  the  behavior  tt  structuzea  ooaipoaed  of  eisnenta  such  as  beamjt« 
taam«oolumaa ;  and  aediua  thich  p  Kites  when  azhjected  to  traiialaat  dynamic  loadings 
producing  exteusive  inelastic  deformations. 
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GENERAI,  SIMOISY 


1  "enernJ  otaaiary 

Ati  was  lupnttorjed  In  the  Iiit  i-oducllon  of  this  report  the  primary  rnrpoaeii 
of  thr  InvtrallMstlon  drtsrmln*-  th*;  tin*"  a*nnltl/r  stn-ssi  Jefomallon 

characte.'laticB  of  several  o ohe  mure  comraonly  used  iitruct.trn.1  metals,  and  tn 
determine  the  f  aglneerlne  ■l,rnl flcanco  of  »hl.«  Information  as  regards  application 
In  the  solution  cf  protloms  concerned  ulth  tie  behavior  of  me*  al  struct  urea  vl.nn 
aubje''ted  to  transient  djniaviu  loads  pnlidiiclng  ext-sns.t.vc  Inelastic  deformation. 

The  Wufk  that  has  beet;  done  hire  included  many  tests  of  sever aj.  of  the 
more  coHmoniy  used  structural  metals  Iccludlng  mild  steels  of  the  rlsaMd>  semi* 
killed,  and  fally-ktliod  varieties  as  olnlained  from  pla'e,  bar,  aud  rolJad  section 
sUiCks;  a  '' tf  of  the  ctmunly  used  aliuyti  of  steel;  aid  or.e  very  commonl;'  used 
structural  aiisalhua.  The  tests  have  Included  slow  and  rapid  appllcsulunw  of  stress 
under  uniaxial  condltlnns  and  co'-dltjon»  of  pure  flexure.  In  addition,  a  'ary  few 
reversed  loadings  were  applied  to  one  material. 

The  result*  indicate  that  In  g«  neral  those  materials  which  .'usve  n  pro- 
rounced  upper  iovci'  yield  point  phri:  Acna  In  slow  wtrainliig  rate  tests  (that  Is, 
a  discontinuity  In  slope  of  the  e'ress-rti'xin  relationship)  also  exhibit  s  time 
senolllve  behavior  In  the  region  .'rua  inillsJ.  Inelasticity  thr'.-ugl*  general  yielding, 
and  a  Icah  pl.^nlflcant  t'm*  -r.;  ,'iv--  No,n-,f,.r  I*,  ih'  region  cf  utralu  hardening. 

The  go-c.-ijifd  elastic  regi.ti.  is  apparcni.ly  Inaencl'.lve  Xo  tint  effects  for  loauiingo 
applied  In  times  nc  mcr*  raplct  than  s  f i  w  x  1  1 1 1  secor>dr .  The  .■"cstiltn  pc-rtalnlug  to 
the  time  Eenaltlvlly  where  prom  t  lio.-  b.".cn  arbitrarily  pre-rteritcd  in  th«  fura  of 
delayed  yield  and  ra+e  o'"  geni  -ui  y|,- iaing  1  ii fenuat  ic:i.  The  results  of  the  tests 
of  sutcriolG  which  wt-r  lut  v-r/  tlm  :  ^>  !,s it  i vo  vc-ro  prr'sented  I;.  the  form  of 


s’.ri  n?-straiii  and  ^;t^aln-t,1n<^  rel'.atlonsliipsi  and  in  a  few  casca^  aa  elapned  tluf's 
In  specific  aaaomits  01'  yleldlntj  sis  defined  by  variouu  arbitrary  a«lected  values  of 
'h-.  ::ecact.  aoduli  (atreay/atrain) . 

A  major  purpose  of  ede  Inveatigatlon,  aa  waa  mentioned  above,  was  to 
r-nvidu  infarBatio.i  vbich  would  indicate  wUeUier  or  not  the  rcaulta  of  ualaaial 
atreaa  tcata  could  be  axt^ndea  tn  rieioiral  stres:  couldtiuna.  Toe  retulte  of  the 
flexure  Leeta  whlcb  were  perfonr.  d  in  tUia  iavcatlfatlon  Indicate  Utat  tills  can  be 
fone  vltn  los  tban  10  per  cent  error. 

Therefore,  in  many  caeqo  it  abouid  be  poaaible  to  apply  t!.e  rafuita  of 
unlaalal  atreaa  t**ta  in  prcdictla^  the  reaponae  of  friaa  and  plate  type  structurea 
to  transient  dynamic  Icedli^^c  tha^  prodaca  extenaive  ioaiaatic  defoiaatlon. 
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DETSRMINATION  OF  FtaiXUr.  RBiJIS'i’ANoE  FKOK  BEAM  DSTOKMATION 
Ai,'D  usia'IA:.  strss;;  phopehties 


A^  lias  mcntiocud  In  SocLlor.  Ui\:  rsslilin^  aooent  corrmpoaliog  to 

tne  curvature  aeasured  in  tli;i  rs^ilou  >>ir  pure  liexura  was  dstonnloeil  by  computation 
UiUn^  the  defonuitior.  ax  lietsrauueii  oithor  fr-xn  SF.  £&£«&  on  the  outer  Tibar  of 
ths  beam  or  fr^va  the  curvature  gagee  ajrpiied  to  tba  sluea  of  the  beam,  and  three 
assjoptlons:  (a)  that  ths  distrUiutl'in  of  strain  Is  linear  through  ths  laptb  of  the 
beam  aoction;  (b)  that  the  liahuvlor  of  the  bean  aaterloi  uiiFh  Is  the  saae  In  both 
terxilon  and  coopressioit;  art  'c)  titat  the  oataTlaia  luformhtl'>n  obtained  under 
conulitlons  of  u(itejLiai  e trees  riu:  be  eppl.'el  Vs  the  stress  gradient  candinioae 
sxletl.ig  ID  the  beem. 

For  sirg.'.e  load  app bi  atioasr  stress  in  niid  steal  is  a  elogie  valued 
function  of  strain.  Therefore,  the  pr.^:adure  used  in  cos^'utiag  rnsisting  ojoant 
frosi  sMasurod  etrai.'"^  is  straightforward-  It  consists  of  dstanslolng  tbs  strain 
dis'X’lb'utiun  In  the  b3.ts>  snetiut  at  tnt  tixe  coasidi'red,  finding  tha  correspoadihg 
stress  distribution  by  uno  of  tne  caagej-irlu  st.:aBS-atrain  relativnahip  for  the 
bsK)  smtcrial,  sod  ocaputing  Vli.'  rhsistiig  Doca.'.t  from  the  stress  distribution  and 
cousidorallon  of  the  gej»e;ric  p.-opcrt1r«  r'f  the  bnsa  r.nttlou. 

Per  tae  rapid  cc^tg,  tie  jr.rriin-o  u.;.-d  to  detvnalr.e  the  resisting  noicaut 
of  a  opeelmei'i  je 'tjon  froa>  the  Era-urri  ouror  u'.  sin  or  the  atraln  no  deter- 

mlntA  free  the  cur. store  gage  Is  C0Bj;li ruLti  I,,  th-.-  fact  that,  'inder  conditions  of 
rapid  1  '.'.ling,  i'.rco!  in  ra-r  H.-04!rlr,!.  a  fti-i-.-ti-on  of  not  j.nly  atteila,  t".t  alho 
strain  rat.;  ann  tics.  licv'.-vi'--,  by  navii-g  ,.aj  other  ajaJ.ji-  ansunpi.lon  l.i  aldltlon  to 
thou;  llot'-'d  atove,  ths.-  dt-eiroo  rcolrt'.ng  !a)/a;iit  car'  be  obtalnod.  Tiiat  asaisnptloi: 
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1b  (d)  that  th(*  atress-tlae  characterlctica  or  the  beam  tiaterisJ.  detemlaed  from 
the  materiaii!  studied  uuuei'  a  stress-time  relatlouahlp  that  is  applied  impliVy 
and  is  thereeirter  maintaised  coastaat  are  applicable  to  the  struss  tLne  conditions 
probably  existing  In  the  beam  speciaena.  (me  validity  of  this  assvjtptlon  can  he 
checked  later  by  coaparing  the  streas-tlm:  relationahip  cosyiuted  for  a  given  fiber 
in  the  hess  *ith  the  etress-tiM  function  with  which  the  materiala  were  teated.) 

Ibe  procedure  uaed  for  detenalnlupt  the  loatantenaoua  reslatance  of  the 
beam  aectlon  to  an  Impoaed  measured  atralniog  ia  dsacribed  in  the  following  para¬ 
graph.  mia  procadura  reguirea  the  uae  of  the  siaasured  strain-time  information 
obtalrmd  for  the  beam  aection  coaelderet,  and  Information  tlmilar  to  that  contatacd 
in  figs.  A1  and  A2,  which  reprasent  the  Inelaatic  time  dependent  and  itraic  rate 
depitodent  behavior  of  one  of  the  bt'm  materials  uasd. 

By  using  the  measured  beat  defomation  as  determined  either  fixmi  the  SR-k 
xasea  on  th*  outer  fiber  or  the  curvsture  gage  applied  to  the  aides  of  the  besm  in 
conjunction  with  the  lofoimatlou  of  ri<t.  *2,  the  times  at  which  the  varlotia  valums 
of  apparent  soduiua  wore  retv-hed  could  be  determined  as  la  shown  la  fig.  /i5* •  for 
each  of  those  Limes  the  etreae  on  the  outer  flbc;*  could  then  be  coeq>uted 
(o  >  c  •  c/c)  ao  that,  the  strres-time  history  vaa  known  for  lUe  psrticul6.i  fiber 
ccnaldcred  f.w  the  initial  rtralnlng  through  atrainiog  correapondlng  tu  o/e  • 

20  X  10^  pil  (fig,  A5).  for  str-.iua  beyond  tbla  value  it  vaa  assumed  th/»t  the 
inetantancoua  stress  level  could  '?«  determined  irnm  the  measured  strain  rate 
through  use  of  fig.  A2fb.  In  this  oanner  tho;  -tre-c-tljse  rcletloaship  was  deteimined 
for  the  partlculw  fiber  of  th**  bf'em  conslderei.  This,  of  course,  could  be  cbne 
for  as  rirmy  fiber  s  through  the  depth  of  the  section  as  desired  (aastmlng  that  the 


e  * 

•  Itie  strain-delay  tlaie  overlay  used  in  Fig.  may  be  constructed,  fresn  Fig.  A2a 
I  since  strain  as  veil  as  stress  nay  be  related  to  delay  time  by  means  of  the 
3  relationship  o/e . 
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distribution  of  strain  is  linear  with  depth)  so  *hat  Instantaneoo:  ntress  "blocks" 
and,  in  tom,  Inatantaneoue  section  resiatacces  could  b-j  conputed.  Kor  the  BF  and 
BL  series  flexure  speclaens  the  stress  blocks  were  detenslned  by  conulderation  of 
strains  at  six  locations  throuf^b  the  half  depth  cf  tho  section.  For  the  SK  sarlas 
speclaens,  in  which  four  3R-^  ga^eo  we'-e  positioned  through  each  half  depth  of  the 
besa,  a  cotTelation  of  aeasured  a  trains  was  aide  with  the  rssuBed  linear  dlatribu* 
tion  of  strain  nentluned  in  Section  h.t.S.  'nils  eocparison  indicated  that  the 
distribution  of  strain  with  depth  was  virtually  linear.  Iberefore,  as  tiuny  indi¬ 
vidual  strains  were  coaplited  through  the  half  depth  of  the  bean  for  the  BK  speclsiens 
as  were  loaputed  for  the  other  flexure  tcets, 

Ro  "els^scd  tise  to  o/«  •  30  X  10^  pel”  date  for  the  BK  aaterial  ware 
available  since  no  SB-^  strain  gages  were  appllti  to  the  coupons  and  the  sxtenso- 
Mtsr  was  not  capable  of  Indicating  the  tlaa  sr  tdiish  the  secant  aodulus  first 

doptrt'*'*  t  vilu*  ef  JO  X  psi .  Therefore,  in  tbs  ansiytis  of  this  series 

,  6 

of  spjeinens  the  delay  for  f  x  for  a/«  ••  30  x  10  piii  was  taken  as  tero. 
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Series  RB,  SP  (iVofiie  Fig  y) 

The  nujabora  or  letters  in  "digit"  order  are: 

1.  Sieeloen  Axes 

1  =  0.100  aq.ln.  •  0.557  In.  D. 

2  -  O.XO  Si. in.  -  0.505  In.  D. 

r.  Specimen  Surface 

3  >  Polished  caoolh  (to  about  15  p  In.  r.a.;;.) 

M  -  A:i  Hact'.lne-l  (Surface  roughness  is  about  150  pin.  r.o.s 
N  -  i^Jlisbed  then  notched  abcul  0.01  in.  deep 

A.  Type  of  Steel 

R  n  Riouse.l  atcel 
S  '  Seal-hilled  steel 

It.  Stock  FVjrm  of  Met  tl 

B  ^  Ilit  roUert  bar 
P  t  Bot  rolled  pi  ate 

3.  Trcataent 

A  >  As  rtiUed 

B  •  .'oinoulod  and  opbcroidlrad  after  aachlnihf  (lu  Uellust 
ataosphere) 

2  V.  hours  St  1690'-V. 

2'  hour!  at  1*mj°F. 

C  •  Annealed  ui-i  sphcroldl^ed  oefore  aachlulng  (in  Sellus 
ataospbere) 

2  5/1.  hours  at  10  AJ®y. 

23  hours  at  1510°r. 

6.  Idantlcsd  Spetiaen  Nissbar 

1  •  first  spcci.w'O  of  the  type,  etc. 

Kxaiaple:  Speclemn  ISKBAl'  lu  e  O.357  in.  D.  polished  epectaea  of  rlaaed 
otecl  obtained  fraa  hot  rolled  bar  stork  left  as  rolled  and  Is 
the  second  speclaea  of  this  type. 

Series  HS,  ®  (Profile  Fig.  U) 

HL,  mnr  (Pr  ifiit-  Fig.  ") 

KR  (pro rile  Fig.  !£■) 

PS  (rrofllc  Fig.  15) 

The  E4-rics  dc.iigiutllui>  la  3ui'fl..u>d  to  i.ndlcutc  tla  orientation  of  the 
coupon  ultn  rcipuc*.  to  tin.-  ’Irtc'vuo  of  xlU  rolling  of  the  parent 
antcrlal. 

L  -  I>jiti;ltudlii.U. 

T  »  Traneverse 

Serlse  K,  Q,  T,  L  (Profile  Fig.  13) 

Ho  stiff ix  prc;cedi;i  or  foUouo  nctclacu  number. 

Series  PBL-A,  K-A  (ProlUe  Fig.  1.5) 

A  •«  Reduced  c"ee  rection  over  full  length  of  the  speeiaten 
betwen  threads 


TttLE  SBMUM  DF  ulilMUi.  STjgSS  TeSTS  MT'  TE5gi.TS 


-fifu:  suiqunr  df  tiKUxiAL  stress  tests  and  resut. 


•3»E  no 


•AVY  ■»'  UKUXUI.  STBKkO  nSTS  W.T  REUTTo 


pr»TX 

'Ai  " 

>  "  •I  , 


. 3  q 

or>-^j*ooar4oc>oda 


;-:-rii  I  ^  1  1  ^  -  8  ^  5)  ^ 

00  o'  a  d  oq  c>o  o  od 

^ — ‘ — ^— (— - - — . 

ii:  !  ^  ,5  ?  ?!  4  3  a  -?  2  ^  ^  ;4 

.-'‘n  Godddddddoddao 


r.  iipuc5®fi7XI 


CO  -r5*dd?i^i^8S3'8-^»-^ 
ooooo.  oQoocodood 


s  -'.  “  = 

:  5!  2  ? 

— '— f 

9  'g  C-  0  ^  ,->  -%  ‘ 

-.  ■%  -n  4  d  d  ' 

*  -*>  7  T^^rUN* 

-*-•.**»••-  ft 

r*'  •  ■  '■  "'■'  »  "  '  “• 

v  04  -A  “»  :- 

d  d  d  d  d 

‘o-J'i  5*8 

•  2  0 

J  5  3  ?5  Jj  §  -  ■ 

J  -T  :-  .*>  -3 

«-»  f-  r7  <\/ 

l•J■:lI»^i  -1  " 

1  -1  7  — ■ 

'-'.  ‘^.  1  'i  ' 

0  r  0  •*>  »-i  0  1 

0  q  0  --  ^3 
d  d  -J  cO 

--  -T  f^:r 

b  1  !*  0  V 

’nT5  T-J'T 

V  «<  it  41  t-  V 

=■  ’  ^  '  2 

*  ^  ^  ^  N  • 

0  ■  ft  ft  ■» 

■fi  3  1  3  5  ' 

^BMie  VBiiM  Ii««d  ia 

^T1•  OTT  atatic  uppar  y.cid  atrw. 


SW»lAr*  3F  UNIWUL  r.imSE  "ECTS  a:.d  resuitj 


TESTS 


UJLt  5p  SliHMirar  OF  DKIUUI.  STUBS  TtSTS 


•hade  vtJu*  liseO  lu  ut.r»«s  !»T«!ets; 
••Tl-  »  over  otatl  -  yVeld  atrees, 


V  RESUI.r; 


WV.WIS  TWYl 


u'iDsiu  an  BLsu.  nsus  ic  nmwis  /  '  nm 


TliiLi;  i>t  SlM'APy 


'Ho  yield  folloving 


TABLE  OF  U»];A1IAL  STS8SS  TESTS  iSD 


■•Tlr'#  ov«r  atatlc 


Strvaa 


A^'P  R^P.UI-TS 


otr«a0 

ler  yield  atr»ta^ 


AtLE  yT!  Ui.UlU 


point  tnork*  cn  section 


FRES3UKE  ?h![EL,  iU<D  SO  KIP  PULS£;  liOASIKO  UNIT  ARRJUKBID 
TEJriHO  UNIAXIAL  TEN3I0N  SPECIMSM3 


Loo<(  Cutout 


Tuncian 

or 

ComproMion 


id.CfXi  U’..  FVU2;  -  RAPiu  no.  W  io,vx)o  lij.  pulse  -  reiativixy  stavi  ioadinOj 

!!APII)  IHUJAUIYG  -  05  CPS  i!“ISC  RAPID  UMOADLNC  -  6o  CPJ  TIMING 


taim«r  mhitvks  dn  oz  4o  Kixrsmrun  ounns«  e  ‘ou 


1  ® 

u 

^  I 


v«  «* 

I,  tS 

*3  313 


% 

m 


c 

Sf 


h  h 


*« 

-a 


-A? 


I  -  -;T"' 

J _ I  w- 


i| 

ll 


I  -  •  'y 
“  f  ' 


-■J  -n 

1 


1  J  'J 

‘— -  -!-r - "-■ 


r-  / 


/t 


Mi  o 


i5 

-*...  t 

U 

H  ■ 

•  ■  2 
N  .3 

•»  «* 
a  a 

d  « 

■■*-  6  5 

i 


8  S 

ii  S  ^  ^ 

IJ 


v;  I  i  5  ;x:  * 

'  5«3  t  1 
Jls  ? 

, - i 

"  .: 

* 


.it 


25 

cl 


,tr::^:.:. 

i 


rr---:- 


•_I". 

* 


—  t 

■'■  t 


xo-i'.3»a 

»»o 


**jt**i 

TOJtaej 

?TBU 


« 

lil 

6~'  i 

<■/ 

C)  p 

-(§>■ 

6 ' 0 

O’-  r 

SI 

«•  * 

«! 


|l 

s:i 


J 


■V 

t  I 


.J 


z . 

1^2 


nf: 

ft  ^  •• 


ns.  8  :iCBBU»c  lunuBiaiiAiiQii  o;  so  sip  STiuivtac  ifpaiutcs 


— mmM 


SjAarloal  SMt 


Vtnilli  SpeelMii  - 


j  lifl 


Spherical  scat 


lioadlng  Hod- 


Op^saoMter  lo.  2 


_  U  7/8«  B«pld  Load 
tetaatMwiar 


I^tuuMaatar  So.  1 


ria.  10  contaJircuf  or  rmsiis 
spsjiHai  xs  poias  lOADJEa 
tucExm 


?:G.  ITti  OSCILLOGRAM  (1/9  •lli-)  OF  "SLOU"  TEST  IN  PlTLSi  LOADING  MACHTNE 


rx:m£»fL”Jw  (x/V  ■ite)  ok  tljt  iwm 


1VDI.IU,  OKItraiA  TVrjTflR)  OHlFWIB  (ail"  j/T) 


TT»  'ivuie 


Buiaviji  ICchl 


w 


flrineil  Semces  Teduricai  loforiiiatim  Hgencji 

ARLINGTON  HALL  STATION 
ARLINGTON  12  VIRGIN 


FOR 

MKRO-CAM) 


4!OFiI 


wano:  WUN  OOVUmiaiNT  os  OTSBR  ORAWmOB.  SPECVKAVtiaK  OS  OnUR  DATA 
aXETSKO  for  amt  POSW'SR  OTBSR  THAK  Of  COHNSCrrM  win  a  OFFDOrBLV  RELATES 
OCVSKlOiC'B^r  PSCCwSSiAVSiT  CrERATiCci,  TnS  U.  3.  QOVUDtilKIfT  THBHCBr  INCURS 
MO  RKHPONkiiSLRT,  NOS  AT:’  ObUOATION  WHATSOSVBR;  AND  THE  FACT  THAT  THE 
jOVERNMiMT  MAT  FATE  70SMULATXD,  rvANKSSS,  OS  IN  AMT  WAT  SU^PUBO  THE 
■AD  D!(A  wmoa,  SPICIFICATIOKS,  OS  OTUR  DATA  U  NOT  TO  BE  REOARDBO  BT 

ATKXt  OS  OTKsBWBB  AS  Of  AMT  HAMMER  LICBMBDIO  THE  HOLDER  OR  ANY  OTHER 
!  OR  CCSFOSATIOM.  CS  CONVKYIRO  AMT  RIOHTS  OR  PSKMBSION  TO  MANUFACTURE, 
OR  SELL  ANT  PATENTED  DrVXMTTClM  THAT  MAT  IN  AN/  WAY  BE  RELATED  THERETO. 
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ttmXB:  MUCH  OOliCKHMCNT  OR  urKXIt  OJUVOMOit.  SPSCITKATICKI  OH  OTUKR  OAi  A 
XmmiKD  rOB  AMY  PVKPQU  OTUft  TBAA  u»  C^^HMKCTIOM  WITH  A  DMnKlTKGY  ltAl.ATAD 

GKJi’UM’iarifr  fitocuiuuttufr  opkratiom,  tmic  u.  a  coygwisEjsT  TszRssrr  c-«'Cuks 

M>  !*ES!?OMSKL?rT,  riOH  AMT  OBUOATIOM  WaATBOKVWl;  AKB  T«K  FACI  TiAT  THi 
CM.irrRKtajrr  mat  BAVX  fdUnlLATKD,  /UKOBUltlO,  or  1M  AMY  way  SUPPUXi)  TB£ 
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NOTICB:  «SKN  QdVKPXMZKT  OR  OTIUII  DRAWlIfOS  IPtCinCATKMS  UM  ;’THAH  UAI  A 
xnrreo  rc«  ant  f  tkmks  otmk  than  im  conkcltxm  vnna  a  xutracrrKLY  halatau 

nak./vkn«i»ijr*k^r  f  kXKt»  ft  ti  r»fw»mitn.»m'firr  > 


NO  rrrmtwiwi  mr.  nu«  av»  oauuATKn*  *?.A'~vj«vrvA;  ant  tm»  kaci  tsat  tha 

OOVBftNMKNT  MAT  OAVi:  FOUCULATKJ,  !  UNVOKiAD,  OR  XS  ANT  WAT  SUPPUSO  7  RE 
RAID  DRAWUfOB,  A^iCmCATlOMB.  Oil  OTBAP.  OA1A  S  rCT  70  lU.  ro:a\HD&X>  BY 
lh(S>UCATiOM  OR  aiTBSHITflUE  AR  JtM  AH7  AlANirXR  LITSSNO  T!iK  OR  ANT  VrHFH 

TtRaON  0.4  CORPORAT:r;N.  OR  COKVETSfO  AJfT  RXBrri:  OB  PERMISSION  TO  MAin'FACTURE. 
OR  AKi  rATS;iJTgD  BJVtiiTION  TRAr  AIAT  IN  AJ^T  »'AY  BE  REI.AT»0  THERETO. 
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